
Draft version October 7, 2024
Typeset using LATEX twocolumn style in AASTeX631

A long-duration superflare on the K giant HD 251108

Hans Moritz Günther,1 Dheeraj Pasham,1 Alexander Binks,2 Stefan Czesla,3 Teruaki Enoto,4, 5

Michael Fausnaugh,6 Franz-Josef Hambsch,7, 8, 9, 10 Shun Inoue,4 Hiroyuki Maehara,11 Yuta Notsu,12, 13

Jan Robrade,14 J. H. M. M. Schmitt,14 and P. C. Schneider14

1MIT Kavli Institute for Astrophysics and Space Research, 77 Massachusetts Avenue, Cambridge, MA 02139, USA
2Institut für Astronomie und Astrophysik, Eberhard-Karls Universität Tübingen, Sand 1, 72076 Tübingen, Germany
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ABSTRACT

Many giant stars are magnetically active, which causes rotational variability, chromospheric emission

lines, and X-ray emission. Large outbursts in these emission features can set limits on the magnetic

field strength and thus constrain the mechanism of the underlying dynamo. HD 251108 is a Li-rich

active K-type giant. We find a rotational period of 21.3 d with color changes and additional long-

term photometric variability. Both can be explained with very stable stellar spots. We followed the

decay phase of a superflare for 28 days with NICER and from the ground. We track the flare decay in

unprecedented detail in several coronal temperature components. With a peak flux around 1034 erg s−1

(0.5-4.0 keV) and an exponential decay time of 2.2 days in the early decay phase, this is one of the

strongest flares ever observed; yet it follows trends established from samples of smaller flares, for

example for the relations between Hα and X-ray flux, indicating that the physical process that powers

the flare emission is consistent over a large range of flare energies. We estimate a flare loop length

about 2-4 times the stellar radius. No evidence is seen for abundance changes during the flare.

1. INTRODUCTION

Flares are an obvious sign of magnetic activity on

the Sun and other late-type (spectral type M-F) stars,

which have convective outer envelopes. Differential ro-

tation and turbulence give rise to dynamo action includ-

ing surface magnetic fields (review by Brun & Browning

2017). When magnetic field lines reconnect, they accel-

erate non-thermal electrons towards the stellar surface,

where they heat up material which expands into the

magnetic loop and drives a shock wave (Parker 1988).
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The shock wave travels along the magnetic loop and

increases the density and temperature of the confined

plasma, which will cool through soft X-ray radiation.

The density, temperature and decay time of the flare

are related to the geometric properties of the loop (e.g.

Reale et al. 2004). On the Sun, flares often occur in

arcades of several closely spaced magnetic field lines at

the same time, but fortunately, a single loop model can

still provide a good description if one of the loops clearly

dominates the emission (Reale et al. 2004) or most of the

loops in the arcade light up at the same time (Getman

et al. 2011). More luminous flares reach higher temper-

atures and last longer in the Sun and other dwarf stars

(see review by Güdel & Nazé 2009) and total energy out-
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put and flare duration also follow a powerlaw in RS CVn

stars (Karmakar et al. 2023).

RS CVn stars are binaries composed of a cool giant

or sub-giant and a smaller (sub-giant or main-sequence)

companion. Long-lasting and large scale X-ray flares

have been observed on a number of cool giants, e.g., in

ROSAT observations of a 1.5 d duration flare on the RS

CVn-type binary HU Virginis (Endl et al. 1997), a 9 d

duration event on CF Tuc (Kuerster & Schmitt 1996)

and more recently a > 1.3 d long flare observed on SZ

Psc with Swift (Karmakar et al. 2023) and a flare last-

ing almost a week on UX Ari with NICER (Kurihara

et al. 2024); see Karmakar et al. (2023) for a compila-

tion of large flares on RS CVn stars. In contrast, even

large flares on main-sequence stars typically last only a

few hours. RS CVn stars in close orbits can be tidally

locked, leading to rotation periods of just a few days and

short rotation periods provide more energy for stellar

activity. Less is known about X-ray flares on single gi-

ants but Oláh et al. (2022) analyze thousands of optical

flares on giant stars in the Kepler field, many of which

appear to be single. They find that the flare shapes are

similar to dwarf stars, but they have a longer duration

and higher energy output and that flare frequency and

energy distributions are also similar to dwarf stars.

In this paper, we present new data on one of the

largest flares ever observed. First, we determine proper-

ties of HD 251108, which establish it as a magnetically

active giant star. We estimate temperature, mass, and

other stellar properties and take a look at the optical

lightcurve in different bands (section 2). In the second

part (section 3), we describe new observations of a new

long-duration X-ray flare seen on HD 251108 discovered

by the Lobster Eye Imager for Astronomy (LEIA, Ling

et al. 2023) and announced by Ling et al. (2022). We

present follow-up observations with the Neutron Star In-

terior Composition Explorer (NICER, Gendreau & Ar-

zoumanian 2017) and other telescopes. Thanks to the

superior effective area of NICER, we obtain more de-

tailed X-ray data on the cooling phase of the flare than

any previous observation of giant flares.

2. PROPERTIES OF HD 251108

HD 251108 is an evolved, cool star, located above the

main sequence in a color-magnitude diagram. GAIA

(Gaia Collaboration et al. 2016, 2023) counterpart

3342754943193083392 has a distance of 505 ± 5 pc

(Bailer-Jones et al. 2021) with a proper motion of a few

milliarcsecond per year (Gaia Collaboration 2020). Its

GAIA magnitude is mG = 9.600± 0.006, about 4 mag-

nitudes brighter than any other source in a 30′′ radius.

Thus, contamination of optical spectroscopy is unlikely,

and we treat any contamination of photometry as neg-

ligible.

The Tess Input Catalog v.8.2 (Paegert et al. 2021) lists

Teff = 4460 ± 130 K, a giant luminosity class, a radius

around 13R⊙, and an E(B − V ) = 0.1 mag reddening

and Xing & Xing (2012) determine Teff = 4339 K from a

spectroscopic line ratio. As we will show below, the star

is time-variable in the optical, and in section 2.2.2, we

find Teff = 4450± 50 K in the bright state. Placing the

photometry on evolutionary tracks, we find M∗ ≈ 1 M⊙
(see, e.g., Fig. 3 in Schröder et al. 2018). The stellar

radius is R⋆ = 6− 8 R⊙, with estimates using mass and

surface gravity from GAIA or magnitude, distance, and

temperature giving a similar result. Our estimate for

R is thus about 30-40% smaller than the vlaue in the

TIC even after accounting for the improved GAIA dis-

tance available to us. A forthcoming paper analyzing a

time series of optical spectroscopy (Fuhrmeister et al. in

prep) will provide a more detailed analysis of the stellar

properties.

GAIA distance and flux in G or H band (Cutri

et al. 2003) imply that HD 251108 is a red-clump star

(Hawkins et al. 2017). Such stars are prominently seen

in flux-limited X-ray surveys and ground-based surveys

show that some red clump stars have both high Li-

abundances and active chromospheres; the reason for

this phenomenon may be related to the exact evolution-

ary phase of the star: Most Li-rich, active stars are He-

core-burning red clump or red horizontal branch stars

and they have a higher fraction of binaries than Li-poor

red giants (Sneden et al. 2022). We detect the Li ab-

sorption line (Figure 1, see section 3.1.1 and Fuhrmeis-

ter et al. (in prep) for details) with an equivalent width

compatible to a measurement about 15 years earlier by

Xing & Xing (2012). Thus, HD 251108 likely belongs

to the small but well-known subgroup of giants that are

magnetically active.

2.1. Archival data and observations

2.1.1. DASCH

The longest coverage comes from the DASCH project

(Digital Access to a Sky Century at Harvard, Grindlay &

Griffin 2012; Tang et al. 2013), which digitized a diverse

collection of photographic plates from the Harvard Col-

lege Observatory. Data is taken with different telescopes

and widely varying instrument setups. In particular,

the different plates used over the years have different

sensitivity that do not necessarily correspond to mod-

ern standard filter bands. The DASCH pipeline corrects

the photometry to the band of a reference catalog, but in

particular for objects that change color over time, this

correction is not accurate. We ignore instances where
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Figure 1. TIGRE optical spectrum: the presence of the
Li line and He I in emission (not shown) indicates that
HD 251108 belongs to the subgroup of Li-rich, active giants.

only an upper limit on HD 251108 is available, since it

is often not clear how good those limits are. For pho-

tometry, we restrict the analysis to data points with

no warnings from the photometric pipeline (i.e. AFLAGS

==0). The earliest remaining datapoint is from 1889,

with most observations in the periods 1900-1955 and

1975-1990.

2.1.2. ASAS-3

Data for HD 251108 is available from the All Sky Au-

tomated Survey (ASAS-3, Pojmanski 2002) for multiple

observing seasons between 2003 and 2008. ASAS-3 ob-

served in the V band and contains data for different

extraction regions in aperture photometry with a radius

between 2 and 6 pixels. For a bright star like our target,

differences are small. We chose the extraction with a

radius of 4 pixels.

2.1.3. KWS

The Kamogata/Kiso/Kyoto Wide-field Survey (KWS,

Maehara 2014) provides V and I band data from about

2014 on. We remove data points with uncertainties >

0.1 mag and average multiple observations taken in the

same night (usually within a few minutes).

2.1.4. ASAS-SN

Photometric data also comes from ASAS-SN (Shappee

et al. 2014; Kochanek et al. 2017) and we specifically

used the ASAS-SN aperture photometry pipeline. V

band photometry is likely saturated for a source as

bright as HD 251108, so we restrict this analysis to use

only g band data. We retrieved 2644 photometric data-

points. While the uncertainties for most datapoints are

about 0.005 mag, a tail in the distribution to much larger

uncertainties exists. We only make use of data with un-

certainties < 0.007 mag, which removed 199 datapoints.

2.1.5. AAVSO

We retrieved observations from the AAVSO database

(Kloppenborg 2023). Multiple observers began moni-

toring HD 251108 after the flare discovery, but they use

different instruments and standard stars which leads to

visible offsets in the observed magnitudes. For the anal-

ysis of the color evolutions, we thus restrict our anal-

ysis to data from a single observer (AAVSO observer

code: HMB), who obtained photometry in BV RI al-

most nightly for 175 days, collecting two exposures per

band using the Remote Observatory Atacama Desert

(ROAD, Hambsch 2012) in Astrodon B, V , R, and I

bands. We average both exposures in a single band in

each night. Exposures in different bands are taken con-

secutively, and we assume that the star does not vary

on timescales of a few minutes.

2.1.6. TESS

HD 251108 is also covered in five sectors by the Tran-

siting Exoplanet Survey Satellite (TESS, Ricker et al.

2015) mission. We extracted light curves using differ-

ence imaging, which gives a reliable relative light curve

within each TESS sector. Global offsets in the TESS

magnitude between sectors are caused by uncertainties

in the local background and crowding from nearby stars,

due to TESS’s large pixels (21×21 arcseconds). The

data in sector 45 (and to a lesser degree sector 44) suf-

fers from an artifact in the image subtraction sometimes

associated with brighter stars that leads to unreliable

photometric measurements. Full details of the TESS

data reduction and light curve extraction are in Faus-

naugh et al. (2023).

TESS data in Sector 06 were taken at a 30 minute

cadence, and TESS data in Sectors 33, 43, 44, and 45

were taken at a 10 minute cadence. TESS observes in a

passband from 600–1000 nm.

2.1.7. ROSAT

Freund et al. (2022) identify 2RXS J060415.1+124554

with HD 251108 with a probability of 93%. The ROSAT

source has a total of 164±14 ct. There are indications for

variability between 0.15±0.17 and 0.59±0.15 cts s−1 and

the spectrum shows a high hardness ratio of 0.82 (Boller

et al. 2016), indicating a hot corona in the ROSAT data.

The average ROSAT count rate corresponds to a lu-

minosity of logLX = 32.2 in erg s−1 extrapolated to

the 0.5-4.0 keV range using the absorbing column den-

sity found for the NICER data (section 3.2.3) and the

GAIA distance; for plasma temperatures between 0.5

and 5 keV, the count rate to flux conversion differs only
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by a factor of two, so the estimated logLX is valid for

all reasonable coronal temperatures.

2.1.8. XMM-Newton slew survey

HD 251108 was observed by XMM-Newton in the slew

survey on 2016-10-12 (ObsID 9308400004) for a total ex-

posure time in the PN of about 8 s. We retrieved the

pipeline-processed data from the archive and selected a

large, apparently source-free region with a similar expo-

sure time as background. A source is detected with net

rate of 2.6± 0.6 counts s−1 within 8 arcsec (the typical

1σ positional uncertainty of sources in the slew survey,

Saxton et al. 2008). With the same assumptions as for

the ROSAT spectrum, we again find a luminosity about

logLX = 32.2 in erg s−1.

2.1.9. eROSITA

eROSITA (Predehl et al. 2021) is the soft X-ray instru-

ment onboard the SRG spacecraft (Sunyaev et al. 2021)

and performs an all-sky survey in the 0.2 – 10.0 keV en-

ergy range, the eROSITA all-sky survey (eRASS). The

survey itself is composed of a series of half-year long indi-

vidual all-sky surveys, here we use eRASS1 to eRASS4.

During each half-year survey any sky-location is again

observed multiple times by eROSITA in progressing and

overlapping stripes with a scan rotation period of 4 h.

In the eRASS image HD 251108 is a well separated X-

ray source with no other relevant sources within its 5’

vicinity. The positional cross-match with the optical

position is excellent, given an angular separation of 0.5”

and positional errors of about 0.3” (stat) and 1.0” (sys).

HD 251108 is detected in eRASS1-eRASS4

(eRASS1/DR1: 1eRASS J060415.1+124550) with an

average X-ray luminosity of logLX = 32.2 [erg s−1]

in the 0.2 – 2.3 keV eRASS band, corresponding to

logLX = 32.3 [erg s−1] in the 0.5 – 4.0 keV band.

The survey count rates, i.e. including correction for

vignetting, PSF fraction etc., vary in the range of 4 –

8 cts s−1 among the individual all-sky surveys, with

slightly harder emission during the brighter states as

deduced from median photon energies ranging between

950 eV and 975 eV. On short timescales variability

at the 10 – 20% level is seen within each eRASS, but

no exceptional flaring or other larger brightness excur-

sions are present. In total about 2250 source counts are

detected, sufficient for a spectral analysis (see Sect. 2.3).

2.2. Results

2.2.1. Periodicity

The ASAS-SN lightcurve (Figure 2, middle and bot-

tom) can be fit well with a combination of two sinu-

soids. The shorter period is 21.3d with a zero point

of 58229.1 in MJD. The amplitude is about 0.02 mag

with a very low formal fit uncertainty. However, fig-

ure 2 shows cycle-to-cycle variations in both the ampli-

tude and the shape of the light curve (best visible in the

bottom panel or in a zoom in the interactive figure in

the online version). We searched for variations in the pe-

riod between the different ASAS-SN observing seasons,

but there is no significant difference in a Lomb-Scargle

periodogram (Lomb 1976; Scargle 1982). However, the

variability changes on longer timescales. It has a consis-

tent phase from 2014 to 2024, but before that, in 2013,

the amplitude vanishes or at least becomes very small.

Similarly, in the ASAS-3 data, periodicity can be clearly

seen in some years (e.g. 2003 and 2006, though with a

different phase than the ASAS-SN data) but it is weak

or absent at other times (e.g. 2005 and 2008).

2.2.2. Color changes and spot coverage

Figure 3 shows the change in color over the 21.3 d

cycle, using AAVSO optical data from a single instru-

ment and restricted to data with uncertainties below

0.01 mag. The star becomes redder when it is fainter.

At its brightest, we see V = 10.0 mag with B − V =

1.12 mag and V − I = 1.35 mag. The same trend it

seen, albeit with larger scatter due to larger observa-

tional uncertainties, in the KWS data for V magnitudes

between 10.5 and 9.8.

2.2.3. Long-term variability

Additionally, the lightcurve shows a longer-term vari-

ability from DASCH (Figure 2, top) all the way up to the

most recent data. The DASCH data shows brighter peri-

ods around 1900 and 1950 and a minimum in the 1920s

and ASAS-3 and KWS indicate a gradual brightening

between 2003 and 2012 from mV ≈ 10.0 to mV ≈ 9.7

followed by a slow decline to mV ≈ 10.3 in 2021. Then,

that star becomes brighter again and reaches mV ≈ 10.0

in 2024. t is not uncommon for active stars to have more

than one cycle (Oláh et al. 2009, 2016), but for our tar-

get it is not clear if the long-term variability seen in

DASCH on a 100 year scale and KWS on a 20 year scale

is periodic or stochastic.

2.2.4. A spot model

Although HD 251108 is located close to the galactic

plain, the reddening is only about E(B−V) = 0.1 mag

(Green et al. 2019), much smaller than the color vari-

ations and comparable to the systematic uncertainties.

Thus, we ignore this effect in the following. We can de-

scribe the bright state with a Castelli & Kurucz (2003)

spectrum with Teff = 4450 ± 50 K using the spectral

libraries, tabulated filter curves, and interpolation rou-

tines from the Python packages synphot (STScI Devel-
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Figure 2. Optical light curves of HD 251108. Error bars are omitted for clarity. In all panels the blue curve shows a model of
two sinusoids, fitted to the ASAS-SN data. top: DASCH light curve. middle: ASAS-SN light curve. The flare on 2022-11-07 is
easily visible and is the brightest flare observed, a second flares is seen on 2020-09-13. bottom: ASAS-SN and multi-band AAVSO
light curve over just a few of the short periods. The AAVSO data is taken from different observers. Inconsistent calibration and
different instruments lead to systematic offsets within one band (e.g. R band in 2022-11) between different observers, but the
overall variability pattern is consistent. An interactive version of this figure is available in the online journal.

opment Team 2018) and stsynphot (STScI Development

Team 2020). If we assume that the variability is caused

by star spots of a constant temperature, we can con-

struct a spectral model that replaces some fraction of the

stellar disk with a model that is cooler than Teff = 4450.

At the faint end, V = 10.4 mag with B− V = 1.19 mag

and V − I = 1.47 mag. We construct a grid of Castelli

& Kurucz (2003) models with different temperature and

spot covering factors and find that the faint state can be

described with a model with Teff = 4100± 100 K and a

spot covering factor of 0.6± 0.1, where we estimate the

uncertainties in the following way: The models predict

curves in covering fraction – Teff space. For a perfect fit,

the three curves for V , B−V , and V − I would meet in

single point, but due to uncertainties in the data and our

simplified model assumptions that is not the case. We

thus estimate the uncertainties on covering fraction and

Teff by looking at the distance between the intersection

points of the three curves.

In the spot model, spots seem to last over several

years, as indicated by the consistent period over all of

the ASAS-SN data. In the ASAS-3 and KWS, we see
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Figure 3. Color evolution of HD 251108 over several of the
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(blue small symbols).
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by noise due to an artifact in the image subtraction. Since
we use difference imaging, the absolute magnitude might be
wrong, but the relative changes within an observing sector
are reliable.

the periodicy disappear and reappear with a different

phase. If HD 251108 is a binary, the spot does not face

the companion consistently and it thus seems likely that

the activity is not due to interaction with any possible

wide-binary companion. The long-term changes could

be related to a larger spot coverage in a location that

does not rotate into and out of sight; for example large

polar spots that persist for years to decades could cause

the long-term changes in the lightcurve.

2.2.5. Flare statistics

Figure 2 (middle panel) shows the flare on 2022-11-07

that is the focus of section 3 in the ASAS-SN lightcurve.
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Figure 5. Visually selected flares in the TESS data.

This is the brightest flare observed over five observ-

ing seasons with a maximum brightening in g-band of

0.6 mag compared to the sinusoidal model. A second

flare is seen on 2020-09-13 with a brightening of 0.4 mag.

However, the data is so sparse, that we cannot deter-

mine the peak flux and duration of those flares from the

ASAS-SN data alone.

Each of the five sectors of TESS data covers about

one 21.3 d period of HD 251108 (figure 4). Problems

in the image subtraction lead to increased noise in sec-

tors 44 and 45, in particular in the second half. A few

small flares are visible in the TESS data by eye, but

in all cases, the variability is dominated by the 21.3 d

period. The shape of the lightcurve changes from cycle

to cycle. Thus, we cannot reliably define the non-flaring

shape of the lightcurve, which prevents us from detecting

flares that are small or have complex shapes. Figure 5

shows visually identified flares with a fast rise and ex-

ponential decay. Roughly, the brightening is 0.02 mag

and 0.09 mag in the top panel, 0.01 mag in the middle

panel, and 0.02 mag in the bottom panel. Recall from

section 2.1 that we use image subtraction for the TESS

data, and the absolute magnitude in the figure is not

reliable. The g band magnitudes at the time of the flare

peaks are 10.8, 10.8, 10.7, and 10.8, based on the double-

sinusoidal model fit to the ASAS-SN data. Surprisingly,

the flare with the largest relative change (second flare

in the top panel) and the smallest (middle panel) both

last for approximately one day, while the other two are
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shorter. All four flares occur within 5 days of the peak

of the 21.3 day period.

2.3. X-ray flux and spectra

All X-ray spectra here and in section 3.2 are mod-

elled using an optically thin, collisionally ionized plasma

model (APEC, Foster et al. 2012). Absorption is de-

scribed by the model from Wilms et al. (2000). We use

the solar abundances from Asplund et al. (2009) as base

reference. Fit uncertainties are always given to the 90%

level.

For spectral analysis we combine all available

eROSITA data to characterize the average, quasi-

quiescent X-ray properties of HD 251108 (Table 1).

While a good fit is already obtained with solar abun-

dances, there is residual emission around 0.5 keV (N VII)

and a free N abundance gives N= 10.1 (+10.8/-5.5). Ac-

tive stars often show an abundance pattern called IFIP

(inverse first ionization potential), where elements with

a high FIP (e.g. Ne) are enhanced over those with a

low FIP (e.g. Fe). For this spectrum O/Fe = 4.4 is the

best fit value. Overall, we find an observed (emitted)

X-ray luminosity of LX = 2.2 (2.7)× 1032 erg s−1 in the

0.2 – 5.0 keV energy range. The derived X-ray proper-

ties show a highly active star with an activity level of

logLX/Lbol ≈ −3 (where Lbol is calculated from the

bright-state V band magnitude in Figure 2, the GAIA

distance given in section 2, and the bolometric correc-

tion from Flower (1996), ignoring interstellar redden-

ing and stellar variability). The coronal emission of

HD 251108 is thus at saturation level of magnetic activ-

ity (Wright et al. 2011). The very high plasma tempera-

tures of 30 – 50 MK complete this picture. The logLX in

eRASS is fully consistent with the earlier ROSAT and

XMM-Newton data.

2.4. Discussion

Consistent with its location as an evolved star with

detectable Li, the optical lightcurves of HD 251108 in-

dicate a star with considerable level of stellar activity

over the course of at least the last century. Several re-

solved flares in TESS show that this activity is mag-

netic, and the changes in color and brightness can be

explained by large, cool spots on the stellar surface. The

quasi-quiescent X-ray properties match expectations for

a highly active star with plasma temperatures of 30 –

50 MK and an activity level of logLX/Lbol ≈ −3, i.e. at

saturation level of magnetic activity.

Gondoin (2005) observed a correlation of X-ray flux

with rotation period on single G giants, which they also

interpreted as a larger surface fraction covered with ac-

tive regions. The K-type giant discussed here is more

active even in quiescence than G-type giants with sim-

ilar rotation rate in that sample, probably because a

deeper convention zone can develop (Pizzolato et al.

2000). Thus, it is not surprising that large X-ray flares

might also happen on HD 251108.

3. THE LARGE FLARE ON HD 251108

3.1. Observations

In addition to the ASAS-SN data discussed in sec-

tion 2.1.4 and the LEIA data from Ling et al. (2022) we

obtained data from several optical and X-ray telescopes.

3.1.1. Optical spectroscopy

We obtained a series of optical spectra with the TI-

GRE facility, which is located at the La Luz Observa-

tory near Guanajuato in central Mexico. TIGRE is a

fully robotic spectroscopy telescope which provides high-

resolution spectroscopy with a spectral resolution of a

little over 20000 from 3800 Å to 8800 Å, thus covering

important chromospheric lines of hydrogen (Hα and the

Balmer series), calcium (Ca II H & K and the infrared

triplet) and helium; a detailed description of TIGRE is

provided by Schmitt et al. (2014) and González-Pérez

et al. (2022). We also obtained spectroscopic follow-

up data with the fiber-fed integral field spectrograph

(KOOLS-IFU, Matsubayashi et al. 2019) mounted on

the 3.8 m Seimei telescope (Kurita et al. 2020) at the

Okayama observatory in Japan and measured Hα fluxes.

These observations used the VPH683 grism with a wave-

length coverage of 5800 - 8000 Å, and a spectral reso-

lution of λ/∆λ ∼ 2000. We also use r-band data from

Xiong et al. (2022) taken by the BOOTES-4MET tele-

scope at the Lijiang Observatory of the Yunnan Obser-

vatories of China (Xiong et al. 2020).

3.1.2. Swift

Swift is an observatory specialized on the X-ray follow-

up of gamma ray bursts, but is also used to monitor

other transient sources. Its X-ray telescope (XRT, Bur-

rows et al. 2005) covers the bandpass from 0.2 to 10 keV

and can detect stellar flares. Swift observed HD 251108

over five ObsIDs to follow-up the flare. An initial anal-

ysis is given by Li et al. (2022). Here, we make use of

the first four ObsIDs which are taken within 10 days

of the flare peak. Figure 7 has data behind the figure

available electronically, where ObsIDs and observations

details are listed. We retrieved fully reduced spectra

and associated data products from the UK Swift Science

Data Center at the University of Leicester (Evans et al.

2007). Swift confirms that the source of the flare is com-

patible with HD 251108 with a positional uncertainty of

3.5 arcsec (Li et al. 2022). Therefore, we assume in the
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following that both the pre-flare X-ray emission and the

large flare originate on HD 251108.

3.1.3. NICER

NICER is a non-imaging instrument with a field of

view of about 3 arcmin in radius. We know from

ROSAT, XMM-Newton, and eROSITA that no other

persistent X-ray source is present in that area so we con-

fidently assign the X-ray emission detected by NICER

to HD 251108.

We started NICER analysis with the raw, level-1 data

publicly available on HEASARC archive. These data

were reduced using the standard nicerl2 task from HEA-

SOFT V6.29c with the default screening criteria. For

more details on the data reduction please see Pasham

et al. (2021). We used the 3c50 model to estimate the

empirical background spectra (Remillard et al. 2022).

To extract time-resolved X-ray spectra we used the ex-

act methodology outlined in Pasham et al. (2023). Fig-

ure 7 has data behind the figure available electronically,

which details of the time segments used in this study.

3.2. Results

3.2.1. Flare light curves

Figure 7 shows the various lightcurves around the flare

with the top panel showing the X-ray data. LEIA de-

tected the flare in nine observations, resolving the flare

rise phase and the peak. The data is discussed in Ling

et al. (2022) and Ling et al. (2023), who give two mea-

sured flux values which we show in figure 7 (top panel);

the flux peaks around MJD 59891.5 (Ling et al. 2022).

The NICER observations started when the flare was

already in an exponentially declining phase. The de-

cay time of the flare in X-rays is an important indicator

of the flare properties. The first part of the flare light

curve measured in NICER before about MJD 59901 can

be described well with an exponential decay with a de-

cay time of 2.2 days on top of a constant flux around

logLX = 32.7 (in erg s−1). That fitted constant flux is

several times larger than the X-ray flux seen before the

flare. Extrapolating the decay fitted to the NICER data

to the earlier LEIA observations shows that it falls short

by about a factor of two below the observed peak flux.

After MJD 59901, we see a short-lived marginal increase

in X-ray flux, followed by a steeper decay (second panel

in figure 7) until the X-ray flux reaches the quiescent

level after about 25 days.

The third panel of Fig. 7 shows the g band flux from

the ASAS-SN survey which caught the optical flare on

MJD 59890.9 with the g-band flux increasing from about

200 mJy to 380 mJy. The next ASAS-SN observation

occurred three days later and is no longer enhanced over

the sinusoidal variability pattern.
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Figure 6. Examples of the Hα line profile observed with
TIGRE.

The fourth panel in Fig. 7 shows the equivalent width

(EW) of the Hα emission line. There are small system-

atic differences between instruments due to their differ-

ent spectral resolution but both show the same trend.

Monitoring in Hα starts about three days after the X-

ray peak and the equivalent width declines linearly for

about 10 days, then begins to rise again. Given the bet-

ter spectral resolution of TIGRE, we use that dataset for

fitting and find an exponential decay time of 9.8 days in

the same time interval MJD 59891.5 to 59901 used to fit

the X-ray decay. After MJD 59908, the Hα equivalent

width increases again without an associated increase in

X-ray activity. This increase may be due to some active

regions with spots and plages, but without associated

X-ray emitting structures, rotating into view; those re-

gions would be cooler, consistent with the decreasing

flux in g at the same time. Figure 6 shows a few Hα line

profiles from TIGRE; there is little variation in the line

profile, but the equivalent width changes significantly.

The bottom panel shows the emission measure evolu-

tion from the NICER data, discussed in more detail in

the section 3.2.3.

3.2.2. X-ray abundances

We grouped the NICER data into different periods

(MJD 59892-59895, 59895-59901, 59901-59907) and de-

termined the abundances for each of them by fitting a

model with three emission components and one absorp-

tion component. For this fit, temperature and emission

measure in each component are allowed to float inde-

pendently to find the best description of the thermal

structure of the emitting plasma. Because the spectrum

does not contain line-free regions but is dominated by a

pseudo-continuum of unresolved spectral lines, absolute
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abundance measurements are always ambiguous. Thus,

we keep the oxygen abundance fixed at 1 relative to our

abundance baseline from Asplund et al. (2009), and vary

other abundances relative to that. We find that the ab-

sorbing column density and abundances measured agree

for the three different time periods within the errors;

there is no evidence that the coronal abundance changes

during the flare. Since the relative contribution of the

background is the lowest at early times, when the count

rate is highest, we chose the fit obtained during that

period as canonical set of abundances that we will use

for the remainder of the analysis; that fit is shown in

table 1.

Seli et al. (2022) looked at the difference of photo-

spheric and coronal abundances depending on the first

ionization potential (FIP) of the elements. Without

detailed measurements, they assume solar photospheric

abundances from Asplund et al. (2009) (except for Ne,

which is taken from Drake & Testa 2005) for the pho-

tosphere. For each of C, N, O, and Ne, they calculate

the logarithm of the ratio with respect to Fe. Our data

is insufficient to use the pre-flare abundances, but since

those support an IFIP abundance pattern, just like we

observe in the flare, and we do not find any change in

the abundance pattern from the flare peak to the de-

cay, it seems reasonable to assume that the abundances

measured in the flare represent the coronal abundance

of HD 251108. Just like O, N and C are fixed at the pho-

tospheric value in our fits, and the Ne abundance is very

close to the number from Drake & Testa (2005). So, the

value we measure in the flare for the average logarithm

of the ratio is [X/Fe]=0.48; following Seli et al. (2022)

we correct that number by +0.048 (Wood et al. 2018)

and end up with [X/Fe]=0.53. This places HD 251108

in the upper branch of the FIP-Teff diagram.

3.2.3. X-ray spectra

Figure 8 shows NICER spectra observed at different

periods. The flux decreases over time and in particular

the Fe 6.7 keV line is no longer visible in later spectra.

The figure also gives a good indication of the data qual-

ity - as the flare decays, the count rate, and thus the

signal in each individual observation, decreases, in par-

ticular at high energies. As the count rate decreases, the

relative importance of the background increases, leading

to a few erroneously high bins > 8 keV in the later spec-

tra.

After fixing the abundances (section 3.2.2), the

NICER spectra can be fit well with just a few parame-

ters. We can either use three temperature components

and fit temperature and emission measure (six parame-

ters) or pick a fixed temperature grid and just vary the
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Figure 8. Evolution of NICER spectra during the flare;
shown are four spectra from one orbit each. Spectra are
binned to a minimum of 25 counts per bin. Colors correspond
the time of the observation.

emission measure (four parameters when choosing four

temperatures). In the first approach, we consistently

find emission components around 0.2 and 1.0 keV, as

also seen in the eROSITA observations, and a hotter

component that declines in temperature. The χ2 indi-

cates that the spectra may be overfit with six parame-

ters; on the other hand, fits with just two temperature

components systematically underpredict spectral bins at

higher energies. We thus prefer a description with a fit

of four components at fixed temperature. Figure 7 (bot-

tom panel) shows the evolution the emission measure for

those fixed temperatures. The four Swift spectra have

much fewer counts than the NICER spectra. However,

for consistency, we use the same model with four fixed

temperature to fit them, even though the χ2 shows that

the model is overfitting the data. The fitted values for

the emission measure however are consistent with the

NICER data.

The hottest component (6.0 keV) dominates the emis-

sion early in the flare. Figure 7 (bottom panel) shows an

apparent absence of 0.2 keV plasma before MJD 59897,

but we caution that this is likely a fitting artifact: The

extreme contrast between the hot and cool components

means that the cool components are lost in the statisti-

cal noise of the much brighter hot components and the

fit of the cool components is not well constrained. The

1.0 keV component also decays fast, while the 2.5 keV

component is more persistent; possibly because it picks

up plasma from the 6.0 keV component that cools down

over time.

3.3. Discussion
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Table 1. X-ray fits

Parameter unit eROSITA 59892-59895 59895-59901 59901-59912

NH 1020 cm−2 5.0+1.8
−1.6 5.31± 0.07 5.2+0.3

−0.5 4.8+1.3
−0.4

kT1 keV 0.22± 0.05 0.86+0.11
−0.03 0.81+0.15

−0.07 0.97+0.04
−0.26

kT2 keV 0.98+0.15
−0.12 1.7+2.8

−0.2
b b

kT3 keV 4.2+1.1
−0.8 6.+0.5

−0.3 3.8+1.3
−0.1 3.9+0.6

−3.2

V EM1 1054 cm−3 1.4+0.8
−0.7 11.0+1.1

−0.9 5.+4.
−1. 9.3+0.5

−6.

V EM2 1054 cm−3 1.2+0.5
−0.2 28.+200.

−8.
b b

V EM3 1054 cm−3 16.0± 1.3 243.+8.
−207. 80.2+0.7

−16.6 50.+6.
−2.

O a =1 =1 =1 =1

Ne a =1 2.3+1.4
−0.3 2.7+0.6

−1.2 1.2+2.0
−0.5

Mg a =1 0.65± 0.09 0.3+0.5
−0.3 0.4+0.6

−0.4

Si a =1 0.5± 0.07 0.2+0.4
−0.2 0.3+0.4

−0.3

S a =1 0.2± 0.1 0.1+0.6
−0.1 0.04+0.62

−0.04

Fe a =1 0.33+0.12
−0.03 0.25+0.06

−0.08 0.16+0.15
−0.05

Ni a =1 1.5+0.3
−0.9 1.± 1. 0.8+2.4

−0.8

dof 107 779 731 709

red. χ2 1.0 1.1 1.0 1.0

aRelative to Asplund et al. (2009)

bWithin the errors, the emission measure of this component could be zero, and thus the temperature is not constrained; in
other words, this component is not required for the fit.

We discuss an extraordinarily long and energetic flare

observed in X-ray and optical data with a peak flux

around 1034 erg s−1 (0.5-4.0 keV). The integrated soft

X-ray flux is about five orders of magnitude stronger

than the Carrington event (LX = 1028 erg s−1 in the

1-8 Å band (in that band the flare discussed here would

show about 1033 erg s−1), Cliver & Dietrich 2013), one

of the strongest known solar space weather events. Of

course, young stars are significantly more active than

the Sun, but the peak X-ray flux in the HD 251108 flare

is still an order of magnitude above the strongest flare

observed in the Chandra Orion Ultradeep Project which

monitored over 1400 pre-main sequence stars for almost

1 Ms and observed hundreds of flares (Getman et al.

2008). Since giant stars are more distributed over the

sky, there is less monitoring, but Karmakar et al. (2023)

compiled all known large flares from giant stars. RS

CVn star GT Mus monitored by Sasaki et al. (2021)

shows several flares with a longer decay time, but none

reach the peak X-ray flux observed in HD 251108.

In Section 3.2.1 we fit a decay time of 2.2 days for

the early phase of NICER observations, but noted that

the LEIA data of the flare peak is about twice as bright

as an extrapolation of this trend. Also, at later times,

the NICER curve begins to drop faster. Taken together,

this shows that the flare evolution is more complex than

a simple exponential decay as often modeled. Still, to

obtain some estimate of the dimensions of the flaring

loop, we will apply such a model to the NICER date

before MJD 59891.5. Integrating just the decaying ex-

ponential in Fig. 7 over this time range gives a flare

energy around 1×1039 erg in the 0.5-4.0 keV band. The

fitted absorbing column density is so small that the in-

trinsic flux is only about 7% larger than that. For the

Hα lightcurve we find a 9.8 day exponential decay time

and an integrated energy flux of 1.2 × 1038 erg in the

Hα line. Kawai et al. (2022) study the relation between

integrated flare energy in X-rays EX and Hα EHα and

find the X-ray energy to be ten times larger than Hα

energy for a wide range of X-ray flares with EX from
1× 1029 erg to 1038 erg using the wide X-ray band from

0.1-100 keV. We extrapolate the spectral models from

section 3.2.3 to that band, and find a corrected flare

flux of around EX0.1−100keV
= 1.5×1039 erg; the flare de-

scribed here thus matches the EX/EHα-ratio observed

in the sample of fainter flares from Kawai et al. (2022).

Our new observations extend that relation by one order

of magnitude. This indicates that the physical relation

that connects the X-ray emission, originating from the

hot plasma in the flare loop, and the Hα emission, orig-

inating closer to the stellar surface, still holds for flares

as energetic as the one described in this work.

The hot plasma in the flare loop cools by radiation

and conduction; the relative importance of both pro-

cesses depends on the temperature, density, and geom-

etry of the flare loop. At the same time, it is possible
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that the plasma is continuously re-heated through shock

waves or further magnetic activity. Through combina-

tion of analytic approximations, scaling laws fitted to

numerical simulations, and certain assumptions (e.g. a

common assumption is that the length of a loop is ten

times its cross-section), one can derive formulas that al-

low an estimate of loop length, density, and re-heating

from observed quantities such as the observed peak X-

ray temperature, the exponential decay time of the X-

ray flux, and the slope of the X-ray flare decay in a

log
√
V EM − log T diagram (see Karmakar et al. 2023,

and references therein for a review and discussion of

these formulas). For most X-ray flares described in the

literature, the signal in the decay is not sufficient to

fit and track individual temperature components as we

have done in figure 7. Instead, Reale (2007) developed

scaling factors to relate the temperature of a one temper-

ature model to the broad distribution of temperatures

seen in real flares and hydrodynamical models. Those

factors depend on the band-pass and response of the spe-

cific instrument and need to be calibrated with models.

Even though our data is sufficient to fit a model with

multiple components and non-solar abundances, we de-

rive the loop length in this framework for comparison to

other observations of superflares in the literature. Val-

ues for the scaling factors for NICER have not been

published, so we use the numbers given for XMM/EPIC

or Chandra/ACIS in Reale (2007) because the effective

area curve for these instruments has a similar shape to

NICER. We repeat the fit from section 3.2.3 with just

a single temperature component and show the resulting

log
√
V EM − log T diagram in figure 9.

For the early phase of the flare (blue), we find a

slope of ζ = 0.44 ± 0.02 corresponding to significant

ongoing re-heating (Sylwester et al. 1993; Reale 2014).

With this slope, the decay time of 2.2 days, and an

extrapolation of the temperature of a single tempera-

ture plasma observed with NICER to the peak of the

flare, the scaling from Reale (2007), gives a loop length

of L = 12 R⊙ ≈ 1.5 − 2 R∗. The formula from

Karmakar et al. (2023) leads to an estimate around

L = 22 R⊙ ≈ 2.8 − 3.7 R∗ with similar assumptions

as does appendix A; either way, the loop semi-length is

comparable to the stellar radius. This is much higher

above the atmosphere than observed in super-flares on

main-sequence stars like EV Lac, where Osten et al.

(2010) found a flare with a peak temperature of 12 keV,

but a semi-loop length of only 0.4 R∗, see Hamaguchi

et al. (2023) for similar observations in a solar-type star.

Around MJD 59901.5, the slope steepens considerably

for about 1.8 days, consistent with a period of no re-

heating (orange in figure 9), before it settles to a ζ con-
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Figure 9. The 0.5 log
√
V EM − log T diagram for a single

temperature model. The thick, partially transparent blue
line is the best fit to the data before MJD=59901.5 and also
describes the data after MJD 59903.3 reasonably well. The
thick, partially transparent orange line is the best fit for the
period in between. It is much steeper, consistent with a little
or no re-heating. Data shown in this figure is included in the
electronic “data behind the Figure” for figure 7.

sistent with the earlier decay again (green). This indi-

cates a major change in the plasma conditions, likely the

structure of the magnetic field, to suppress re-heating

for about 1.8 days, before re-heating resumes as before.

This suggests that the flare geometry is more complex

than a single loop; the length estimates have to be re-

garded as upper limits.

We do not detect any change in abundance during the

flare discussed here; this is in contrast to a large flare on

Algol where Favata & Schmitt (1999) claim a three-fold

increase in abundance. Either HD 251108 is different

from Algol because it is active enough to show a strong
IFIP abundance pattern in quiescence already, or the fits

of Algol data by Favata & Schmitt (1999) are impacted

by an ambiguity between abundance and temperature

often seen in fits with too few temperature components

- an issue we can avoid because the NICER signal is

strong enough to allow us to fit four independent tem-

perature components.

4. SUMMARY

HD 251108 is an evolved K-type giant in the Li-rich,

active sub-group. It shows rotational modulation with a

period of 21.3 days which can be explained by large stel-

lar spots as rotate in and out of view. Those spots are

stable for several years. In addition, it displays photo-

metric variability on time scales of one or more decades

of order 0.5 mag; again, this is consistent with very large

and very stable stellar spots. The quasi-quiescent X-
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ray flux of HD 251108 is at the saturation level with

logLX/Lbol ≈ −3.

We follow the decay of a superflare on K-Giant

HD 251108 with NICER until it reaches the X-ray flux

observed in eRASS pre-flare about 28 days after the

flare peak. We present data from about 130 epochs

of NICER, each of which has sufficient signal to fit a

model with multiple temperature components and non-

solar abundances. In a model with four temperature

components, the hotter components decay faster, while

the cooler components are mostly stable. Abundances

are stable throughout the flare and consistent with typ-

ical active stars with an IFIP effect as seen by an Ne/Fe

ratio that is about a factor of ten larger than in the Sun.

In the initial decay, the X-ray lightcurve is matched by

a decay in the Hα flux, while the plasma shows some

re-heating. We estimate the length of the flare loop to

be 2-4 times larger than the radius of the star. About

10 days after the flare peak, the flare undergoes a short

phase of limited re-heating and the lightcurve begins

to deviated from the initial decay. This is one of the

strongest flares ever observed.
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APPENDIX

A. CALCULATION OF LOOP SIZE AND MAGNETIC FIELD STRENGTH BY SHIBATA & YOKOYAMA

FORMULA

For comparison, we also calculate the flare loop size, the fundamental physical quantity of the flare by using equations

based on the magnetic reconnection model by Shibata & Yokoyama (2002). They present the following scaling laws

for the length of a loop L and the flare magnetic field strength B:

B = 50

(
V EMpeak

1048 cm−3

)−1/5 ( n0

109 cm−3

)3/10
(
Tpeak

107 K

)17/10

G (A1)

L = 109
(
V EMpeak

1048 cm−3

)3/5 ( n0

109 cm−3

)−2/5
(
Tpeak

107 K

)−8/5

cm (A2)

https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/web/gaia/dpac/consortium
https://www.cosmos.esa.int/web/gaia/dpac/consortium
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Table 2. Magnetic field strength and
flare loop size from equations (A1)
and (A2)

B (G) L (R⊙)

n0 = 1011 cm−3 68 26

n0 = 1012 cm−3 135 10

n0 = 1013 cm−3 268 4

where V EMpeak is the peak volume emission measure, Tpeak is the peak temperature, and n0 is the preflare coronal

density. From our X-ray spectral analysis, kTpeak ∼ 4.9 keV and V EMpeak ∼ 5.9 × 1056 cm−3 are inferred. B and L

calculated by using these results and equations (A1) and (A2) are shown in table 2. Though we cannot know n0 from

our observation data, when 11 < log n0 < 12, these results are consistent with L = 12− 22R⊙ shown in Section 3.3.

Facilities: NICER, XMM, ROSAT, ASAS-SN,

eROSITA, Swift, AAVSO, TESS

Software: AstroPy (Astropy Collaboration et al.

2013, 2018), NumPy (Van Der Walt et al. 2011; Har-

ris et al. 2020), Matplotlib (Hunter 2007), Sherpa (Doe

et al. 2007; Burke et al. 2021), synphot (STScI Develop-

ment Team 2018), stsynphot (STScI Development Team

2020)
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