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Abstract. HD 223460 (HR 9024), a chromospherically active late−type giant with a high X-ray luminosity, was observed
by theXMM–Newtonspace observatory. Series of lines of highly ionized Fe and several Lyman lines of hydrogen-like ions
and triplet lines of helium-like ions are visible in the reflection grating spectra, most notably from O and Ne. Analysis results
suggest a scenario where the corona of HD 223460 is dominated by large magnetic structures similar in size to interconnecting
loops between solar active regions but significantly hotter. The surface area coverage of these active regions may approach up
to 30%. A hypothesis is that the interaction of these structures themselves induces a flaring activity on a small scale not visible
in the EPIC light curves that is responsible for heating HD 223460 plasma to coronal temperatures ofT ≥ 107 K. The intense
X-ray activity of HD 223460 is related to its evolutionary position at the bottom of the red giant branch. It is anticipated that its
rotation will spin down in the future with the effect of decreasing its helicity-related, dynamo-driven activity and suppressing
large-scale magnetic structures in its corona.
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1. Introduction

HD 223460 (HR 9024) is a chromospherically active late−type
giant. Cowley & Bidelman (1979) indicate that the Ca II emis-
sion in this star is moderately strong while Bopp (1984) notes
that the H and K emission fluxes are quite high, compara-
ble to what is observed in FK Comae. Feldman (1982) de-
tected HD 223460 as a radio source and initially suggested
that HD 223460, which apparently exhibits no detectable ve-
locity variation, is an FK Comae type star. Cowley & Bidelman
(1979) classified HD 223460 as a G1 III star but itsB−V color
is too large for the assigned MK type which suggests unusual
reddening for the distance (Ayres et al. 1998). HD 223460
shows some Li I absorption (De Medeiros & Lebre 1992), a
sign of evolutionary youth and lack of deep mixing (Wallerstein
et al. 1994) consistent with its spectral type and luminosity
class which indicate that the star recently became a giant. Its
rotation velocity (v sini = 20 km s−1; Fekel et al. 1986) is
low for an FK Comae type star and Bopp (1984) suggested
that the star could be seen pole-on. This moderatev sini of
21.6 ± 1.0 km s−1 confirmed by Medeiros & Lebre (1992)
is comparable with the photometric rotation period of 23 days
measured by Strassmeier & Hall (1988) for a normal≈10 R�
giant. Another characteristic of HD 223460 includes an X-ray
luminosity (Singh et al. 1996; H¨unsch et al. 1998) exception-
ally high for a red giant, similar to that of an FK comae type star
(Gondoin 1999). I report on analysis results of X−ray spectra
of HD 223460 registered during two observations performed in
July 2000 and in January 2001 by theXMM–Newtonobserva-
tory. The observations were conducted with the aim to improve
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our understanding of the magnetic activity on HD 223460 by
investigating the origin of its high X-ray luminosity and the
structure of its X-ray corona.

This paper is organized as follows. Section 2 provides the
stellar parameters of HD 223460 and compares the evolution
status of this star with those of nearby single field giants in light
of Hipparcos parallaxes (ESA 1997). Section 3 describes the X-
ray observations of HD 223460 and the data reduction proce-
dures. Section 4 then presents the integrated flux measurements
and their temporal behavior during the observations. Section 5
describes the spectral analysis of the datasets obtained with the
European Photon Imaging Camera (EPIC) and the Reflection
Grating Spectrometer (RGS) on boardXMM–Newton. Finally,
a physical interpretation of the analysis results is proposed in
Sect. 6. In this last section, the structure of HD 223460 corona
and its possible evolution is discussed within the frame of stel-
lar activity evolution across the Hertzsprung gap.

2. HD 223460 stellar parameters

A differential UBV photometry study performed by
Strassmeier & Hall (1988) indicates aV magnitude am-
plitude variation of 0.065 on HD 223460 presumably due to
spot activities in the photosphere of the star. Since reliable
measurements of the minimumV magnitude were not found,
an upper estimate of the maximum luminosity of HD 223460
was obtained by subtracting the aboveV amplitude variation
from the V Johnson magnitude specified in the Hipparcos
catalogue. The visual extinction of the star was calculated by
applying Chen et al. (1998) model with the upper distance limit
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Table 1. Top: V magnitude, parallax and absolute magnitude of
HD 223460. Middle: spectral type, color indices and effective tem-
perature. Bottom: estimated stellar parameters of HD 223460.

V par (mas) MV

5.86 7.41± 0.70 –0.03+0.34
B− V V− I Teff (K)
0.806 0.83 5110
R (R�) veq (km s−1) M (M�)
10–13 23–28 2.8–3.1

derived from the Hipparcos catalogue. The visual extinction
is smaller than the magnitude variation due to rotational
modulation by photospheric spots. The absolute magnitude
was calculated from theV magnitude, visual extinction and
Hipparcos parallax (see Table 1). The stellar luminosity was
then derived using the bolometric correction vs. effective
temperature data of Flower (1996).

Figure 1 shows the position of HD 223460 in the H–R dia-
gram compared with evolutionary tracks inferred from grids of
stellar models with a near solar metallicity (Z = 0.02) provided
by Schaller et al. (1992). The models use opacities provided by
Rogers & Iglesias (1991) and Kurucz (1991) and their convec-
tion parameters (i.e. mixing length ratio and overshooting pa-
rameter) have been calibrated using the red giant branch (RGB)
of a wide range of clusters. The mass of HD 223460 was esti-
mated to 2.8–3.1M� from its position with respect to the theo-
retical evolutionary tracks. The star most likely originates from
an early B type, single star as it evolves in the giant domain.
Li abundance measurements (Wallerstein et al. 1994) support
this scenario where the star has recently become a giant and
is crossing the Hertzsprung gap prior the lithium depletion by
convective dilution. At a later evolutionary stage when the star
ascends the red giant branch, the inward expansion of its con-
vective envelope would be expected to transport Li from the
surface to the interior thus reducing its surface abundance.

The radius of HD 223460 was calculated from its lu-
minosity and effective temperature. The photometric period
(P = 23 days; Strassmeier & Hall 1988) and the radius of
the star were then used to estimate its equatorial velocity (see
Table 1). Comparison with the projected rotational velocity
(v sini = 21.6±1.0 km s−1; de Medeiros & Lebre 1992) derived
spectroscopically indicates a large inclination angle (i > 46◦)
of the star’s polar axis onto the line of sight. This effect con-
tributes to explain the large rotational velocity of HD 223460
that is consistent with the hypothesis that the star is a normal
G giant that has evolved from a single B type progenitor.

3. Observations and data reduction

HD 223460 was observed twice by theXMM–Newtonspace
observatory (Jansen et al. 2001), in revolutions 107 on 9 July
2000, and 200 on 10 January 2001 (see Table 2). The satel-
lite observatory uses three grazing incidence telescopes which
provide an effective area higher than 4000 cm2 at 2 keV and
1600 cm2 at 8 keV (Gondoin et al. 2000). Three CCD EPIC
cameras (Str¨uder et al. 2001; Turner et al. 2001) at the prime
focus of the telescopes provide imaging in a 30 arcmin field
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Fig. 1. H–R diagram of single giants (Gondoin 1999) compared with
evolutionary tracks (Schaller et al. 1992). The dot-dashed lines from
bottom to top describe the evolutionary tracks of 1M�, 1.25 M�,
1.5M�, 2 M�, 2.5M� and 3M� stars, respectively. The solid line is the
evolutionary track of a 1.7M� star. Open circles mark the H–R dia-
gram positions of single field giants. Black circles mark giants known
as X-ray sources. The H–R diagram location of HD 223460 is indi-
cated by an error bar.

of view and broadband spectroscopy with a resolving power of
between 10 and 60 in the energy band 0.3 to 10 keV. Two iden-
tical RGS reflection grating spectrometers behind two of the
three X-ray telescopes allow higher resolution (E/∆E = 100
to 500) measurements in the soft X-ray range (6 to 38 Å or 0.3
to 2.1 keV) with a maximum effective area of about 140 cm2

at 15 Å (den Herder et al. 2001).
HD 223460 observations were conducted with the EPIC

cameras operating in full frame mode (Ehle et al. 2001). RGS
spectra were recorded simultaneously. “Thick” aluminium fil-
ters were used in front of the EPIC MOS cameras and
“Medium” thickness aluminium filters were used in front
of EPIC p−n cameras to reject visible light. Processing of
the raw event dataset was performed using the “emchain”,
“epchain” and “rgsproc” pipeline tasks of theXMM–Newton
Science Analysis System (SAS version 5.3.0). HD 223460
spectra were built from photons detected within windows
of about 60′′ diameter around the target boresight in
the EPIC cameras. The background was estimated on the
same CCD chips as the source, within windows of similar sizes
which were offset from the source position in an empty field re-
gion. The Pulse-Invariant (PI) spectra were rebinned such that
each resulting MOS channel had at least 20 counts per bin and
each p−n channel had at least 40 counts per bin.χ2 minimiza-
tion was used for spectral fitting. All fits were performed using
the XSPEC package (Arnaud & Dorman 2001). The EPIC and
RGS response matrices were generated by the SAS task “rm-
fgen” and “rgsrmfgen” respectively. EPIC p−n, MOS 1 and
MOS 2 spectra were fitted together in the 0.3 to 9 keV en-
ergy range in revolution 107 and in the 0.3 to 6.5 keV energy
range in revolution 200. The upper cut-off of the spectral band
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Table 2.HD 223460 observation log duringXMM–Newtonrevolutions 107 and 200.

Obs. Experiment Filter Mode Start Exp. (UT) Exp. Duration
MOS1 Thick Prime Full 9 July 2000 @ 19:55:54 9094 s
MOS2 Thick Prime Full 9 July 2000 @ 19:55:54 9094 s

Rev. 107 p−n Thick Prime Full 9 July 2000 @ 20:02:13 6698 s
RGS1 Spec+ Q 9 July 2000 @ 20:03:50 10154 s
RGS2 Spec+ Q 9 July 2000 @ 20:03:50 10154 s
MOS1 Thick Prime Full 10 January 2001 @ 17:37:29 5994 s
MOS2 Thick Prime Full 10 January 2001 @ 17:37:29 5994 s

Rev. 200 p−n Thick Prime Full 10 January 2001 @ 17:43:46 3598 s
RGS1 Spec+ Q 10 January 2001 @ 17:43:45 6954 s
RGS2 Spec+ Q 10 January 2001 @ 17:43:45 6954 s
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Fig. 2. Light curves of HD 223460 during revolutions 107 (left) and 200 (right) obtained with the EPIC p−n camera. In each graph, the upper
curve is the count rate within the 0.3 to 2 keV band and the lower curve is the count rate within the 2 to 10 keV band. The events are binned in
300 s time intervals and the background contribution has been subtracted.

was imposed by the decreasing count rate at high energies. The
RGS spectra were analysed separately due to their higher spec-
tral resolution in the 0.3−2.1 keV energy range.

4. Integrated flux and temporal behaviour

Figure 2 shows the light curves of HD 223460 obtained dur-
ing revolution 107 and 200 with the p−n camera after subtrac-
tion of background events. In the 0.3–2 keV energy band, the
count rate is about 15% higher in revolution 107 with an aver-
age count rate of 3.45± 0.12 s−1 compared with a count rate
of 3.04± 0.11 s−1 in revolution 200. In the 2–10 keV energy
band, the count rate is about 50% higher in revolution 107 with
an average count rate of 0.39± 0.03 s−1 compared with a count
rate of 0.26± 0.06 s−1 in revolution 200. The 0.3–2 keV over
2–10 keV count rate ratios are 9± 1 and 13± 4 during revo-
lutions 107 and 200 respectively, indicating that the spectrum
of HD 223460 was soft during both observations. The count
rate in the low energy band decreased steadily by≈2.3% over
6.7 ksec in revolution 107. It increased steadily by about 5.6%
over 1 hour in revolution 200.

The spectral analyses of each observation were conducted
separately. Spectral fitting of the EPIC data (see Sect. 5.1)
during these two periods yields flux measurements in the
0.3−2 keV and>2 keV bands. These measurements were

Table 3. X-ray luminosities (corrected for interstellar absorption) of
HD 223460 in the 0.3−2 keV and 2−10 keV measured with the
combined EPIC MOS and pn cameras. The percentage contribution
in luminosity of hot plasmas (kT > 1 keV) is indicated between
bracketts. The hardness ratio (hr) is defined ashr = (L>2 keV −
L0.3−2 keV)/(L>2 keV + L0.3−2 keV).

Obs. L0.3−2 keV L>2 keV hr
(1030 erg s−1) (1030 erg s−1)

Rev. 107 27.0 10.7 –0.43
(78%) (98%)

Rev. 200 22.7 7.3 –0.51
(78%) (98%)

converted into X-ray luminositiesL0.3−2 keV and L>2 keV us-
ing Hipparcos parallax (π = 7.41 mas; ESA 1997). The
luminosities are given in Table 3 which also provides the
hardness ratiohr of the X-ray emission defined ashr =
(L>2 keV − L0.3−2 keV)/(L>2 keV + L0.3−2 keV). Table 3 confirms
that the X-ray spectrum of HD 223460 is soft. Compared with
revolution 200, the X-ray luminosity of HD 223460 during
revolution 107 was 19% higher in the 0.3–2 keV band and
about 46% higher in the>2 keV energy band.
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Fig. 3. Best fit models to revolution 107 (left) and revolution 200 (right) EPIC spectra. The data (crosses) and spectral fit (solid line) to the
EPIC pn (upper curve) and EPIC MOS (lower curve) spectra are shown in the upper panel. Theχ2 contributions are given in the lower panel of
each graph.

Table 4. Best fit parameters to EPIC data using a 2 components
MEKAL model (Mewe et al. 1985) with variable abundance and a
variable hydrogen column density.

Rev. 107 Rev. 200
Z 0.32± 0.02 0.28± 0.03

kT1 (keV) 0.73± 0.09 0.74± 0.01
EM1 (1052 cm−3) 62± 6 61± 9

kT2 (keV) 2.10± 0.03 1.78± 0.04
EM2 (1052 cm−3) 258± 1 219± 7

χ2 855/749 d.o.f.= 1.14 615/541 d.o.f.= 1.14

5. Spectral analysis

5.1. Analysis of EPIC data

The two EPIC datasets (see Fig. 3) were fitted separately with
the MEKAL optically thin plasma emission model (Mewe et al.
1985). The spectral fitting was performed in the 0.3–9 keV
and 0.3–6.5 keV spectral bands for revolutions 107 and 200,
respectively since revolution 200 data does not contain any sig-
nificant signal above 6.5 keV. The interstellar hydrogen col-
umn density was left free to vary.NH values in the range (3.1–
5.4) × 1020 cm−2 were derived from the analysis of the two
datasets which are lower than the total galactic H I column den-
sity NH = 8.0 × 1020 cm−2 (Dickey & Lockman 1990) in the
direction of HD 223460. No single temperature plasma model
that assumes either solar photospheric (Anders & Grevesse
1989) or non solar abundances can fit the data, as unacceptably
large values ofχ2 were obtained. The MEKAL plasma mod-
els with two components at different temperatures prove ade-
quate for the two datasets (see Table 4). The coronal emission
measure distribution has been proposed to be double peaked
for many stars (Schrijver et al. 1995; Mewe et al. 1996; G¨udel
et al. 1997a, 1997b). In particular, best fit MEKAL models to
ROSATdata obtained in January 1993 (Singh et al. 1996) sug-
gests a coronal plasma in HD 223460 with two components at
distinct temperatures. Different models could produce accept-
able fits to theROSATPSPC spectra, some of which with best
fit temperatures similar to those derived from EPIC data.

Table 5. Best fit parameters to EPIC data using a 3 components
MEKAL model (Mewe et al. 1985) with variable abundance and a
variable hydrogen column density.

Rev. 107 Rev. 200
Z 0.21± 0.02 0.20± 0.03

kT1 (keV) 0.65± 0.02 0.66± 0.03
EM1 (1052 cm−3) 72± 10 62± 18

kT2 (keV) 1.38± 0.06 1.34± 0.08
EM2 (1052 cm−3) 197± 29 190± 54

kT3 (keV) 3.7± 0.6 3.6± 1.6
EM3 (1052 cm−3) 102± 32 60± 60

χ2 743/747 d.o.f.= 0.99 570/539 d.o.f.= 1.06

As spatially unresolved observations gain in spectral res-
olution and signal to noise ratio, the amount of details in
the spectra of stellar coronae which must be reproduced in-
creases reflecting the true complexity of the sources plasma.
Multi-temperature models are now necessary to explain high-
resolution spectra of stellar coronae (Dupree et al. 1993;
Griffiths & Jordan 1998; Bowyer et al. 2000). Recent analy-
sis of XMM–Newtonand ChandraX-ray spectra find that a
continuous emission measure distribution fits the data better
and is more realistic physically (Audard et al. 2001a,b; G¨udel
et al. 2001; Mewe et al. 2001). Hence, we tried to fit the EPIC
spectra of HD 223460 using a MEKAL model with three com-
ponents at different temperatures and with the same metallicity.
The improvement inχ2 statistics compared with the two tem-
peratures model (∆χ2/∆ν = 56 for 747 degrees of freedom and
∆χ2/∆ν = 22 for 539 degrees of freedoms on the best fit to
revolution 107 and 200 datasets, respectively) is significant to
a>99% confidence level using the F-statistic. The “cool” com-
ponent in the three component model has a slightly lower tem-
perature but an emission measure similar to that given by the
two component model. The three component model suggests
that most of the emission measure of the “hot” plasma is lo-
cated aroundT = 1.6×107 K but with a significant contribution
aboveT = 3×107 K. The emission measure and temperature of
this very hot plasma component are not well constrained. The
temperatures of the different plasma components remain the
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Fig. 4. Comparison of the EPIC pn spectrum of HD 223460 obtained
during revolution 107 with a best fit power law+ Gaussian model in
the 3–9 keV range.

same for revolution 107 and 200. Hot (T > 1.6× 107 K) plasma
on HD 223460 is the main source of X-ray emission both in the
soft and in the hard X-ray band. It contributes to 98% of the
X-ray luminosity above 2 keV. Table 5 shows that the higher
X-ray luminosity of HD 223460 in revolution 107 both in the
soft and in the hard energy range is related to a higher emis-
sion measure of the hottest plasma. The average element abun-
dance in HD 223460 corona is found to be lower than the solar
photospheric value (see Tables 4 and 5). No significant varia-
tions of abundance are detected between the two revolutions.

One major feature of HD 223460 spectrum during revolu-
tion 107 is the presence of a high energy tail and of an emis-
sion feature around 6.6 keV attributed to an iron K emission
line (see Fig. 4). This component is not detected in revolu-
tion 200 data. The iron Kα fluorescence line consists of two
components Kα1 and Kα2 at 6.404 keV and 6.391 keV re-
spectively for Fe I and a branching ratio of 2:1 (Bambynek
et al. 1972). The natural width of the lines (∆E ≈ 3.5 eV)
and any broadening due to thermal motions of the emitting
atoms (∆E(eV) ≈ 0.4(T/106)1/2) are negligible compared to
the energy resolution (155 eV FWHM) of the EPIC cameras.
The iron Kα fluorescent line energy is an increasing func-
tion of the ionization state. It rises slowly from 6.40 keV in
Fe I to 6.45 keV in Fe XVII (neon-like) and then increases
steeply with the escalating number of vacancies in the L-shell
to 6.7 keV in Fe XXV and 6.9 keV in Fe XXVI (House
1969; Makishima 1986). Spectral fits to the EPIC p−n spec-
tra above 3 keV by a powerlaw and a Gaussian line model give
a power law with a slopeΓ = 3.0 ± 0.3 and an Fe K line at
6.65± 0.06 keV with an equivalent widthEW ≈ 400± 70 eV
and a flux fX ≈ 10−13 erg cm−2 s−1. The improvement of the
power law fit with an additional Gaussian line is significant
(∆χ2/∆ν = 6 for 32 degrees of freedom) to a>95% confidence
level using the F-statistic. This result indicates the presence of
iron in high Fe XXV states of ionization during revolution 107.
For a collisionally dominated optically thin coronal plasma,
the Fe XXV ion concentration reaches a maximum value in

Fig. 5.Comparison of the RGS spectra of HD 223460 obtained during
revolution 107 with a best fit VMEKAL model with 3 temperature
components (see Table 6, model C) in the 10–25 Å range. The data
(crosses) and spectral fit to the RGS spectra are shown in the upper
panel. Theχ2 contributions are given in the lower panel.

the 2−7× 107 K temperature range (Raymond-Smith 1977), in
agreement with the temperature of the hot plasma component
derived by spectral fitting. This supports the thermal origin of
the Fe K emission.

Among all of the different changes, eruption and instabil-
ities which are seen on the Sun, the ones which are labeled
“flares” all have in common material heated to temperatures of
107 K or higher (Golub & Pasachoff 1997; Reale et al. 2001).
Such temperatures are not seen in the non-flaring corona, and
events which do not produce such hot plasma do not seem to
be called flares. The emission measure of some active stellar
coronae has two peak, one at at a few 106 K and the other
around 107 K, and it has been proposed that the higher tem-
perature peak is due to continuous flaring activity (Drake et al.
2000; Sanz-Forcada et al. 2002). However, such a flaring activ-
ity is expected to induce count rate fluctuations that are not ob-
served in the EPIC light curves of HD 223460. Hence, also sug-
gestive, the existence of significant amounts of 107 K material
and the detection of Fe XXV emission cannot be regarded as a
proof for the presence of flares in the corona of HD 223460.

5.2. Analysis of RGS data

The low energy RGS spectra were fitted with a VMEKAL
model with three components at different temperatures. The
VMEKAL model generates a spectrum of hot diffuse gas with
line emission from several elements based on the calculation of
Mewe et al. (1985) with Fe L calculations by Liedahl (1995).
Hence, three electron temperatures and electron densities are
assumed for the entire ensemble of element charge states and
in particular for iron, oxygen and neon which produce the most
prominent lines. This assumption turns out to be fairly ade-
quate within the observational uncertainties of the present spec-
trum (see Fig. 5). The fit was performed in the spectral range
from 9.5 Å to 25 Å where the efficiency of the RGS spec-
trometers is the highest. The model temperatures of the cool,
mid-temperature and hot plasma components were frozen to
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Table 6. Best fit parameters to RGS spectra in the 0.5–1.3 keV range recorded in revolutions 107 (upper table) and 200 (lower table) using
a three components VMEKAL model. The temperature of each component were frozen to the value derived from the analysis of EPIC data
(see Table 5). The metallicity was left free to vary. The oxygen and neon abundances were first tied to the abundance of the other elements
(MODEL A). There were then left free to vary independently but with the same value for the different temperature components (MODEL B).
In MODEL C, the hottest temperature component has been replaced by a VMEKAL component at 4× 106 K where the Ne IX line is formed.

Rev.107 Parameter MODEL A MODEL B MODEL C
kT1 (keV) 0.65 0.65 0.65

EM1 (1052 cm−3) 57± 17 52± 13 41± 15
kT2 (keV) 1.38 1.38 1.38

EM2 (1052 cm−3) 366± 44 342± 41 399± 13
VMEKAL kT3 (keV) 3.7 3.7 0.34

EM3 (1052 cm−3) 85± 68 81± 65 55± 15
(3 components) O 0.11 0.18± 0.03 0.10± 0.01

Ne 0.11 0.52± 0.09 0.35± 0.05
Other abundances 0.11± 0.03 0.11± 0.02 0.11± 0.01

χ2 1.33 (549/413 d.o.f.) 1.24 (509/411 d.o.f.) 1.14 (469/411 d.o.f.)

Rev.200 Parameter MODEL A MODEL B MODEL C
kT1 (keV) 0.66 0.66 0.66

EM1 (1052 cm−3) 78± 24 81± 65 72± 26
kT2 (keV) 1.34 1.34 1.34

EM2 (1052 cm−3) 364± 63 320± 65 351± 26
VMEKAL kT3 (keV) 3.6 3.6 0.34

EM3 (1052 cm−3) 0–146 0–163 0–46
(3 components) O 0.11 0.10± 0.03 0.08± 0.03

Ne 0.11 0.44± 0.12 0.37± 0.10
Other abundances 0.11± 0.01 0.11± 0.01 0.11± 0.01

χ2 0.75 (167/223 d.o.f.) 0.69 (153/221 d.o.f.) 0.70 (156/221 d.o.f.)

the values derived from EPIC data (see Table 5). The abun-
dances of the O and Ne elements which give prominent lines
in the considered spectral range were first tied to the abun-
dance of the other elements (MODEL A). They were then
allowed to vary independently but with the same value for
all temperature components (MODEL B). In a third model
(MODEL C), the hottest temperature component has been re-
placed by a VMEKAL component at 4× 106 K where the
Ne IX line is formed. Fitting results are given in Table 6. The
photon statistics in the RGS spectra of revolution 200 is lower
than in the revolution 107 dataset. The fit supports the three
components plasma model for the interpretation of the EPIC
and RGS data. The emission measures of low and hot temper-
ature components are similar to the values derived from the
analysis of EPIC spectra (see Table 5). However, the emission
measure of the mid-temperature component in RGS is higher
(EM ≈ 350× 1052 cm−3) than the value derived from EPIC
data (EM ≈ 200× 1052 cm−3) as suggested by the line flux
measurements (see Table 7). When left free to vary, the oxy-
gen abundance is similar to the average abundance of the other
elements. The determination of abundances relative to hydro-
gen requires an accurate measurement of the X-ray continuum
which cannot be reliably measured even from the RGS spec-
tra (see Fig. 5) due to their moderate spectral resolution and
signal to noise ratio. Therefore it is modeled from the flux left
over when all of the known emission lines in the VMEKAL
model are included. However, no plasma spectroscopy code
includes all of the emission lines, so the missing weak emis-
sion lines are misinterpreted as continuum flux (Schmitt et al.
1996), thereby raising the hydrogen abundance derived from

the free-free continuum and lowering all of the metal abun-
dances relative to hydrogen. This systematic error in the metal
abundances relative to hydrogen is not included in the abun-
dance uncertainties stated in Table 6 but the fitting results sug-
gest that neon abundance of the hot plasma component is sig-
nificantly higher than the oxygen abundance. The improvement
in χ2 fit statistics (∆χ2/∆ν = 20 for 411 degrees of freedom
and∆χ2/∆ν = 10 for 221 degrees of freedom, respectively for
revolution 107 and 200) induced with variable O and Ne abun-
dance is significant at>99% confidence using the F-statistic.
Hence, the Ne/O ratio found for HD 223460 seems higher than
in the solar photosphere. This indication of a Ne abundance
enhancement is reminiscent of a similar anomaly observed in
a subset of solar flares (Murphy et al. 1991; Schmelz 1993).
Large Ne abundance enhancements are a common feature of
active stellar coronae (G¨udel et al. 2001; Huenemoerder et al.
2001) and an inverse FIP effect is observed in very active coro-
nae (Brinkman et al. 2001; Drake et al. 2001) where the abun-
dances (relative to oxygen) increase with increasing first ion-
ization potential (FIP).

Figure 6 shows the RGS spectra of HD 223460 aver-
aged over revolution 107 and 200. Each spectrum is the sum
of the two spectra simultaneously obtained with the RGS1
and RGS2 reflection grating spectrometers on boardXMM–
Newton. Line fluxes and positions were measured using the
XSPEC package by fitting simultaneously the RGS1 and RGS2
spectra with a sum of narrow Gaussian emission lines con-
volved with the response matrices of the RGS instruments.
The continuum emission was described using bremsstrahlung
models with temperatures frozen to the best fit values derived
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Fig. 6. Averaged first order spectra of RGS 1 and 2 obtained during
revolutions 107 (top) and 200 (bottom).

by spectral fitting (see Table 6; MODEL C). The strong lines
were included in the fit, so the continuum of the weaker lines
is better evaluated. For line identification, we required only
that the wavelength coincidence be comparable to the spec-
tral resolution of the RGS spectrometers, namely 0.04 Å over
the 5 to 35 Å wavelength range. In the X-ray domain, sev-
eral candidate lines may exist within this acceptable wave-
length coincidence range. Hence, we only looked for resonance
transitions of abundant elements, and predicted line intensi-
ties using spectra of the Sun (Doschek & Cowan 1984) and
of Capella (Brinkman et al. 2000). Series of lines of highly
ionized Fe and several lines of the Ly and He series are visi-
ble in RGS spectra, most notably from O and Ne. Estimates or
upper limits of line fluxes are reported in Table 7. Their tem-
peratures of maximum formation range between 3× 106 K and
2 × 107 K suggesting that the corresponding ions are mainly
associated with the cool plasma components inferred from
EPIC data. However, lines such as the O VIII and Ne X lines
have emissivity functions quite spread out in temperature to
which material present in the hot component contributes too.
Also, the Ne IX line indicates the presence of cooler material
than the cool component reported. No significant line inten-
sity variations are observed between revolutions 107 and 200.

The Ne X (12.13 Å), Ne IX (13.45 Å) and Fe XIX (13.74 Å)
lines are affected by blends. This could explain that their flux
upper limits (see Table 7) are inconsistently high compared
with the values expected from the analysis of EPIC spectra.
Lines with low temperature (T < 6 × 106 K) of maximum
line formation give emission measures consistent with the val-
uesEM ≈ 60−70× 1052 cm−3 andZ = 0.2 of the EPIC low
temperature plasma component (see Table 5). The Fe XVIII
(14.56 Å) and Fe XXII (11.79 Å) lines whose temperature of
maximum formation is greater than 6× 106 K give emission
measures higher than the valueEM ≈ 200× 1052 cm−3 of the
EPIC mid-temperature plasma component (see Table 5). This is
likely due to uncertainties in their flux determination although
effects related to the cross-calibration accuracy between EPIC
and RGS are not excluded.

The emitting volume of the different plasma components
could be constrained if their electron densities were known.
These can be measured using density-sensitive spectral lines
originating from meta-stable levels, such as the forbidden
( f )23S−11S line in helium-like ions. This line and the associ-
ated resonance (r)21P−11S and inter-combination (i) 23P−11S
lines make up the so-called helium-like triplet lines (Gabriel
& Jordan 1969; Pradhan 1982). The intensity ratio (i + f )/r
varies with electron temperature and the ratioi/ f varies with
electron density due to the collisional coupling between the
meta-stable 23S upper level of the forbidden line and the 23P
upper level of the inter-combination line. The RGS wavelength
band contains the He-like triplets from O VII, Ne IX, Mg XI
and Si XIII. However, the Si, Mg and O triplets are not detected
in the RGS spectra of HD 223460 and the Ne IX triplet is too
heavily blended with iron and nickel lines for density analysis.

6. Discussion

6.1. Structure of HD 223460 corona

The spectral fitting of the EPIC and RGS spectra of HD 223460
suggests a corona configuration with little contribution from
quiet regions similar to the Sun. On the contrary the tempera-
tureT ≈ 7.5× 106 K of the “cool” plasma component is remi-
niscent of solar type active regions, while the hot (T > 107 K)
component may be caused by disruptions of magnetic fields
associated to a permanent flaring activity. The review of coro-
nal activity by Vaiana & Rosner (1978) pointed out that the
Sun, if completely covered with active regions, would have
an X-ray luminosity of 2× 1029 ergs s−1. When scaled to the
surface of HD 223460 (R ≈ 10–13 R�; see Table 1), an
X-ray luminosity of about (2.0–3.4)×1031 erg s−1 is obtained.
This value is comparable with the observed X-ray luminosity
of HD 223460 ((3–4)×1031 erg s−1) derived using Hipparcos
parallaxes. It is higher than the X-ray luminosity contribution
(≈(5.1–6.2)×1030 erg s−1) of its “cool” (T ≈ 7.5 × 106 K)
plasma component. The X-ray luminosity of the “cool” plasma
component could be explained if 15–31% of the surface of
HD 223460 is covered with bright solar like active regions.
Assuming that these active regions can be described by a
simple static loop system consisting of similar loops of con-
stant pressurep (dyn cm−2), temperatureT (K) and cross



270 P. Gondoin: The corona of HD 223460 (HR 9024)

Table 7. Measured positions and flux estimate or upper limits of the strongest lines in the RGS spectra of HD 223460 obtained during rev-
olutions 107 and 200. The columns give the predicted line positions, the measured line positions during revolution 107, the measured line
positions during revolution 200, the ion and line identifications, the temperatures of maximum line formation, the line fluxes measured during
revolution 107 and the line fluxes measured during revolution 200.

λpred λrev107 λrev200 Ion line ID log (Tm) Frev107 Frev200

(Å) (Å) (Å) log (K) (10−6 cm−2 s−1) (10−6 cm−2 s−1)

11.79 11.68 11.68 Fe XXII 7.10 42± 26 <70
12.13 12.17 12.17 Ne X H1AB 6.80 162± 35 110± 53
12.12 Fe XVII 4C 6.75
13.45 13.55 13.55 Ne IX He4w 6.60 71± 29 52± 46
13.46 Fe XIX 6.90
13.50 Fe XIX 6.90
13.74 13.74 13.74 Fe XIX 6.90 81± 34 45± 40
13.78 Ni XIX 6.70
14.56 14.56 14.56 Fe XVIII F10 6.80 50± 26 <54
16.01 16.01 16.01 O VIII H2 6.60 62± 31 65± 38
16.07 Fe XVIII F3 6.80
16.78 16.78 16.78 Fe XVII 3F 6.70 33± 29 <61
17.05 17.05 17.05 Fe XVII 3G 6.70 58± 35 49± 45
17.10 Fe XVII M2 6.70
18.97 18.97 18.97 O VIII H1AB 6.50 100± 41 89± 52

sectionA (cm2), the emission measureEM (cm−3) of the “cool”
plasma can be expressed as:

EM = GF × (4πR2) ×
( p
2kT

)2
× L (1)

where R is the stellar radius,F is the filling factor andL
the loop half-length.G is a geometry factor which includes
effect of partial occultation of the corona by the star itself
(i.e. G varies from 0.5 to 1 forL << R to L >> R). Using the
relationT = 1400× (pL)1/3 (Rosner et al. 1978) andG = 0.7, a
characteristic loop length scale is obtained (Mewe et al. 1982):

L10 = 7.4F × T4
7 × EM−1

52 × (R/R�)2 (2)

whereL10 is the loop half length in units of 1010 cm, T7 is the
coronal temperature in unit of 107 K, andEM52 is the emission
measure in units of 1052 cm−3. Inserting the observed tempera-
ture and emission measure of the cool plasma component (see
Table 5) andR = 12 R� (see Table 1), we findL ≈ 1.0 ×
1010 cm−3 assuming a≈20% filling factor for revolution 107
and 200 (see Table 8). The pressure scale heightH (in cm) is
given byH = 5 × 103 × T × (g/g�)−1 whereg/g� is the sur-
face gravity expressed in solar units andT the temperature in
Kelvin. For HD 223460,g/g� = 0.022 usingM = 2.95 M�
and R = 11.5 R� (see Table 1). Since it turns out that the
loop lengths are much smaller than the pressure scale heightH,
the assumption of constant pressure in the loops is justified.
Characteristic loop size and temperature on HD 223460 are
respectively 1010 cm and 7.5 × 106 K. Solar corona observa-
tions by comparison show bright hot loops within active re-
gions which reach maximum temperatures and electron den-
sities above the neutral line of typically (3–4)× 106 K and
1010 cm−3 (Vaiana et al. 1973). In addition to these hot loops,
on-disk images of the Sun show that neighbouring active re-
gions are often connected into complexes of activity by large

Table 8. Physical parameters of HD 223460 coronal loops derived
from theXMM–Newtonobservations conducted during revolution 107
and 200. The electron density is derived from Eq. (1), i.e.ne = 2 ×√

EM/(4π ×GF × R2 × L).

T EM H L ne

(K) (cm−3) (cm) (cm) (cm−3)
Rev. 107 7.5× 106 72× 1052 171× 1010 0.9× 1010 1.7× 1010

Rev. 200 7.7× 106 62× 1052 175× 1010 1.2× 1010 1.3× 1010

loop-like structures (van Speybroek et al. 1970). Such inter-
connecting loops can be>1010 cm long, i.e. as long as the loop
length estimate on HD 223460. However, they tend to be cooler
than loops within solar active regions and therefore cooler than
coronal loops on HD 223460.

If, in HD 223460, the cool plasma components is produced
by solar like active regions covering a large fraction of the
star’s surface, it is easy to imagine that such a dense popu-
lation of active regions coexists with constant interaction and
disruption of their magnetic fields which might be expected to
lead to continuous flaring. This could explain the permanent
emission measure of hot plasma above 107 K. High tempera-
ture plasmas have been detected from the Sun and from non-
solar coronae (van den Oord & Mewe 1989; Tsuru et al. 1989).
The solar flare plasma shows a bimodal temperature distribu-
tion with plasma at two different temperature (4–8)× 106 K
and (16–26)× 106 K where the hot component is present only
during the flares (Antonucci & Dodero 1995). The two com-
ponents probably have a common origin in the flaring region
on the Sun. It is worth noting that the temperature of these
components are close to the plasma temperatures derived from
the spectral analysis of HD 223460 X-ray emission. There is
evidence that the emission measure distribution of very active
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stellar coronae, obtained from spectrally resolved XUV obser-
vations, is double-peaked. A study of the transition regions and
coronae of the RS CVn binaries V711 Tau, AR Lac and II Peg
(Griffiths & Jordan 1998) indicates the existence of two distinct
peaks in the high temperature emission measure distribution
around 6.3 × 106 K and 20× 106 K. Recently, Sanz-Forcada
et al. (2002) derived the emission measure distribution of a
sample of RSCVn binaries and single active stars including the
low-rotation giantβ Cet. They noticed that emission measure
distributions are remarkably similar among all the stars, show-
ing a narrow enhancement or bump around logTe ≈ 6.9. This
aspect is much debated and still open, but it has been suggested
that this hot component may be due to a continuous flaring ac-
tivity (Güdel 1997; Drake et al. 2000). The surface of active
stars is covered by active regions, and flares would be so fre-
quent that their light curves overlap, canceling out any vari-
ability due to single events. Reale et al. (2001) showed that
a double-peaked emission measure distribution is obtained if
one combines theEM(T) of the whole solar corona with the
envelope of theEM(T) profiles during solar flares. This seems
to suggest that uninterrupted sequence of overlapping proper
flares, whichever their evolution, could produce a double peak
emission measure distribution in the coronae of active stars.
This could explain the presence of hot coronal material even
in the absence of obvious flares. There could be small-scale
flares not well identified in the light curve of XUV data with
moderate signal-to-noise ratio. Within this interpretation, the
higher emission measure and luminosity contribution of the
hot plasma component in revolution 107 would be related to
a more intense flaring activity of HD 223460 in July 2001. On
the other hand, the steady flux decrease during revolution 107
and flux increase during revolution 200 could be interpreted
as the gradual disappearance or emergence of active regions
at the limb of the star. Since active regions might not be ho-
mogeneously distributed on the surface of the star, it is difficult
with the presented data to distinguish between a long-term vari-
ability of the flaring activity and a rotational modulation of the
X-ray emission by long lived active regions.

6.2. Evolution of HD 223460 corona

One hypothesis regarding HD 223460 origin (see Sect. 2) is
that the star originates from a single, early B-type star as it
evolves in the giant domain, crosses the Hertzsprung gap and
becomes a convective late-type giant. To be likely, this sce-
nario should account for the photometric period of the star
(Pphot ≈ 23 days; Strassmeier & Hall 1988) and for the re-
cent estimate (veq ≈ 25 km s−1; see Table 1) of its equato-
rial velocity. We compared this value withv sini values of
A-F giants extracted from the Bright Star Catalogue and with
v sini measurements of G-K giants obtained with CORAVEL
by de Medeiros & Mayor (1995). The CORAVEL measure-
ments are precise to about 1 km s−1. All projected equatorial
velocity measurements are plotted in Fig. 7 as a function ofTeff

for different mass ranges. A-F giants (Teff > 6000 K) have
high rotational velocities, often greater than 100 km s−1. K gi-
ants, on the contrary, have lowv sini values of 1 or 2 km s−1
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Fig. 7.Equatorial rotational velocity of HD 223460 (filled circle) com-
pared withv sini values of single field giants (Gondoin 1999). The
solid line and the dashed line describe the equatorial velocity evolution
of 1.7 M� and 2.5M� stars respectively assuming angular momentum
conservation andv sini = 150 km s−1 at Teff = 7000 K.

for Teff < 4700 K. As noticed by Simon & Drake (1989),
stellar rotation strongly decline during the rapid evolution of
G giants across the Hertzsprung gap. These authors also sug-
gested, along with Gray (1989), that magneto-hydrodynamic
braking due to stellar winds could explain this phenomenon.
Rutten & Pylyser (1988) argued that during the entire evolu-
tion of a 3M� star the timescale for magnetic braking is larger
than the evolutionary time scale. Endal & Sofia (1979) and
Gray & Endal (1982) pointed out that the expansion of the
stars on the red giant branch together with the rearrangement
of angular momentum due to the increasing depth of the con-
vection zones may well explain the decrease ofv sini for cool
giants. Gondoin et al. (2002) calculated the equatorial velocity
evolution of 2.5M� giants using Schaller et al. (1992) evolu-
tionary models and assuming angular momentum conservation
andv sini = 150 km s−1 at Teff = 7000 K. Comparisons with
v sini measurements (see Fig. 7) confirm that angular momen-
tum conservation alone cannot explain the rotational velocities
of K giants. However, Fig. 7 suggests that HD 223460, which
is located near the bottom of the RGB, just starts experienc-
ing rotational braking. Most of its angular momentum could
have been conserved within its convective envelope during its
rapid evolution from mid-F spectral type. Evolution from an
early B type star with a moderate rotation velocity could then
explain the current rotation period of the star.

Within this hypothesis, the outer convection zone of
HD 223460 would have deepened since its formation at mid-F
spectral type, thus increasing the convective turnover time
scale (Gilliland 1985). Since HD 223460 only experienced
a small spin down (see Fig. 7) and maintained a relatively
high rotation rate, the Rossby number (Durney & Latour
1978) decreased and dynamo activity increased as the star
evolved towards the bottom of the RGB. During this period, the
deepening convective envelope likely suffered shear stresses,
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Fig. 8. XMM–Newtonluminosities of HD 223460 (filled circles) in
the 0.3 to 2 keV band compared with ROSAT PSPC measurements of
single field giants (H¨unsch et al. 1998; Pizzolato et al. 2000). Upper
limits of X-ray luminosities measured with the Einstein (Maggio et al.
1990) and ROSAT (Pizzolato et al. 2000) observatories are indicated
by small triangles, large triangles and filled triangles for low-mass
(1.2 M� < M < 2.0 M�), intermediate- mass (2.0M� < M < 2.5 M�)
and clump giants respectively.

which could have resulted in radial velocity gradients. The
necessary conditions were then present to switch on anα-
Ω dynamo with an increasing efficiency as the star evolved
towards the bottom of the RGB. Our spectral analysis of the X-
ray data suggests that the fluid kinetic helicity induced by the
rotation currently generates magnetic fields with characteris-
tic scale of 1010 cm, i.e. comparable with large interconnecting
solar loops. The dynamo productive of large magnetic flux in-
duces a high density of active regions covering up to 30% of the
star surface. We argue that the X-ray emission is strongly en-
hanced due not only to the occurrence of these large scale mag-
netic structures, but also to their permanent interactions. These
interactions would lead to an uninterrupted flaring activity that
generates a large volume of hot plasmas. Since HD 223460
could be soon ascending the RGB, it is anticipated that its ro-
tation will spin down dramatically with the effect of increasing
its Rossby number and decreasing its helicity-related dynamo-
driven activity. Not only the rotational braking per se but also
the restoration of rigid rotation could prevent the maintenance
of large magnetic structures as the star ascends the red giant
branch (Gondoin 1999). Rosner et al. (1995) pointed out that
this suppression of a large-scale dynamo leads to the disappear-
ance of large-scale organized stellar magnetic fields but does
not imply the suppression of magnetic field production at small
scale, driven by the turbulent motion in the surface convection
zones. A bifurcation in magnetic loop sizes could occur as the
dynamo induced by rotation gives way to a turbulent field gen-
eration mechanism like that described by Durney et al. (1993).
According to this scenario, X-ray emission from large coro-
nal loops and the related flaring activity should progressively
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Fig. 9. Ratio of the X-ray to bolometric luminosities of HD 223460
(filled circles) in the 0.3 to 2 keV band compared with single field
giants (Hünsch et al. 1998; Gondoin 1999; Pizzolato et al. 2000).

disappear as HD 223460 evolves from G to K spectral type
(see Fig. 8).

The above evolution scenario implies that, from the suc-
cessive effects of convection zone deepening and rotational
braking, a minimum value of the Rossby number is expected
around HD 223460 evolutionary stage. At this stage,α − Ω
dynamo mechanisms (Parker 1955) should operate with maxi-
mum efficiency. Capella observations (Johnson et al. 2000) of
the Fe XXIλ1354 formed at 107 K suggest a significant vari-
ability over the past 5 years in the hottest part of the corona
of the G8 III primary thought to be a He-burning clump gi-
ant. This suggests that cyclic activity and strong variability are
seen in late evolutionary stages. The positive effect of deepen-
ing convective envelope on coronal activity would allow even
the slowly rotating new arrivals to the clump still to be some-
what active (Ayres et al. 1998). We compared our X-ray flux
measurements of HD 223460 (see Sect. 4) in the 0.3 to 2 keV
band with X-ray fluxes of single field giants extracted from the
ROSAT all-sky survey catalogue (H¨unsch et al. 1998). Upper
limits of EinsteinX-ray fluxes were also retrieved from Maggio
et al. (1990). We calculated the X-ray luminosities (LX) of
all stars from the Hipparcos parallaxes. The results are pre-
sented in Fig. 8 as a function ofTeff for different mass ranges.
X-ray luminosities of single giants recently derived from
ROSAT data (Pizzolato et al. 2000) are also included. The
X-ray emission of giants reaches a maximum value in the effec-
tive temperature range 6000 K< Teff < 5000 K corresponding
to G spectral types. Figure 8 confirms that the X-ray luminos-
ity of HD 223460 is among the highest within this sample of
single nearby F, G and K giants, thus supporting the above evo-
lution scenario. Figure 9 shows that the X-ray-to-bolometric
luminosity ratio of HD 223460 is also one of the highest. This
indicates that the high X-ray luminosity of HD 223460 results
from an increased density of active regions related to its evo-
lutionary position rather than from its large emitting surface.
The coronal structure and evolutionary status of HD 223460
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would thus be similar to that of FK Comae (Gondoin et al.
2002) and V390 Aurigae (Gondoin 2003). This justifies the
classification of HD 223460 as an FK Comae-type star (Fekel
& Marshall 1991). These stars seem to be normal 2–3M� gi-
ants with A or B type progenitors on the main sequence that
are evolving near the bottom of the red giant branch.

7. Summary

The analysis of HD 223460 data suggests that its corona is
dominated by the same type of active regions as on the Sun.
However, the surface area coverage of these active regions may
approach up to 30% and the size of the associated magnetic
structures can be similar or larger than that of interconnect-
ing loops between solar active regions while their temperature
is hotter. One hypothesis is that the interaction of these struc-
tures themselves induces a flaring activity on a small scale not
visible in the EPIC light curves that is responsible for heat-
ing HD 223460 plasma to coronal temperatures ofT ≥ 107 K.
The H–R diagram position of HD 223460 suggests that its rota-
tion will spin down in the future with the effect of decreasing its
helicity-related, dynamo-driven activity and suppressing large
scale magnetic structures in its corona. The coronal structure
and evolutionary status of HD 223460 are thus similar to that
of FK Comae.
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