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ABSTRACT

Context. The single rapidly-rotating G0 giant 31 Comae has been a puzzle because of the absence of photometric variability despite
its strong chromospheric and coronal emissions. As a Hertzsprung-gap giant, it is expected to be at the stage of rearranging its moment
of inertia, hence likely also its dynamo action, which could possibly be linked with its missing photospheric activity.
Aims. Our aim is to detect photospheric activity, obtain the rotation period, and use it for a first Doppler image of the star’s surface.
Its morphology could be related to the evolutionary status.
Methods. We carried out high-precision, white-light photometry with the MOST satellite, ground-based Strömgren photometry with
automated telescopes, and high-resolution optical echelle spectroscopy with the new STELLA robotic facility.
Results. The MOST data reveal, for the first time, light variations with a full amplitude of 5 mmag and an average photometric period
of 6.80 ± 0.06 days. Radial-velocity variations with a full amplitude of 270 m s−1 and a period of 6.76 ± 0.02 days were detected
from our STELLA spectra, which we also interpret as due to stellar rotation. The two-year constancy of the average radial velocity of
+0.10±0.33 km s−1 confirms the star’s single status, as well as the membership in the cluster Melotte 111. A spectrum synthesis gives
Teff = 5660 ± 42 K, log g = 3.51 ± 0.09, and [Fe/H] = −0.15 ± 0.03, which together with the revised Hipparcos distance, suggests a
mass of 2.6 ± 0.1 M� and an age of ≈540 Myr. The surface lithium abundance is measured to be nearly primordial. A detection of a
strong He i absorption line indicates nonradiative heating processes in the atmosphere. Our Doppler images show a large, asymmetric
polar spot, cooler than Teff by ≈1600 K, and several small low-to-mid latitude features that are warmer by ≈300–400 K and are
possibly of chromospheric origin. We computed the convective turnover time for 31 Com as a function of depth and found on average
τC ≈ 5 days.
Conclusions. 31 Com appears to be just at the onset of rapid magnetic braking and Li dilution because its age almost exactly coincides
with the predicted onset of envelope convection. That we recover a big polar starspot despite the Rossby number being larger than
unity, and thus no efficient (envelope) dynamo is expected, leads us to conclude that 31 Com still harbors a fossil predominantly
poloidal magnetic field. However, the increasing convective envelope may have just started an interface dynamo that now is the
source of the warm surface features and the corresponding UV and X-ray emission.

Key words. stars: activity – stars: atmospheres – stars: individual: 31 Comae – starspots – stars: late-type – stars: rotation

� Based on data obtained with the MOST satellite, a Canadian Space
Agency mission, operated jointly by Dynacon, Inc., and the Universities
of Toronto and British Columbia, with assistance from the University
of Vienna; the STELLA robotic telescope in Tenerife, an AIP fa-
cility jointly operated by AIP and IAC, and the Vienna Automatic
Photoelectric Telescopes in Arizona, jointly operated by the University
of Vienna and AIP.
�� Full Tables 2 and 3 are only available in electronic form at the CDS
via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/520/A52

1. Introduction

The G0III star 31 Com=HD 111812 is one of the few single gi-
ants that exhibit very rapid rotation despite not being a member
of a close-binary system and thus appear magnetically overac-
tive. A Ca ii H & K emission-line flux of nearly 107 erg cm−2 s−1

(Strassmeier et al. 1990), a v sin i of 60–70 km s−1 (e.g. Reiners
2006), and its apparent single status and giant luminosity (Bopp
& Stencel 1981; Gray et al. 2001a) indicates a relation with the
G7III single-star FK Com, the prominent prototype of the FK-
Comae class of stars (e.g. Korhonen et al. 2001, 2009). However,
the evolutionary status of these two objects is rather different,

Article published by EDP Sciences Page 1 of 14

http://dx.doi.org/10.1051/0004-6361/201015023
http://www.aanda.org
 http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/520/A52
http://www.edpsciences.org


A&A 520, A52 (2010)

with the latter thought to be the merger of a previously contact
binary.

Early IUE observations of 31 Com by Simon (1984) showed
the presence of highly excited chromospheric and transition-
region emission lines. The star is also a strong X-ray emis-
sion source detected during the ROSAT all-sky survey (Hünsch
et al. 1998; for a summary of other measures see Gondoin 1999,
2005), but it exhibits a deficient X-ray luminosity compared
to the coronal proxy C iv and with respect to mean trends de-
fined by G-K dwarfs (Simon & Drake 1989). Its coronal prop-
erties have been studied more recently with XMM-Newton by
Scelsi et al. (2004), who find that the star’s coronal magnetic
loops must peak at a temperature near 107 K. Ayres et al. (1998,
2007) find that the coronal and transition-region lines are super-
rotationally broadened, e.g., the Fexxi profile of 31 Com ap-
pears with an FWHM of ≈280 km s−1, more than twice as wide
as expected from v sin i. A correlation between excess line broad-
ening and v sin i suggests that transition-zone gas extends out
to about one stellar radius. Ayres et al. (1998) were the first to
postulate that the X-ray deficiency, the lack of photometric vari-
ability, and the apparent highly extended transition region could
be understood if the stellar corona was in fact seated in a relic
dipole magnetosphere left over from the main sequence phase of
the star. The large line broadening, on the other hand, could be
explained by the large gas extension and by transient explosive
activity as we know it from the Sun (see Ayres et al. 2007).

On the contrary, numerous attempts to determine a rota-
tion period based on photometric variations failed. Strassmeier
& Hall (1988) concluded that 31 Com does not vary in light
but noted that the scatter in their V data was about twice as
high during the 1983–84 season as in the middle of the fol-
lowing 1984–85 season. Their external uncertainties of the com-
bined data never exceeded ±0.009 mag in V . 31 Com is clearly
not an easy target to detect rotational modulation from ground-
based data. An IUE search for rotational modulation of ultravio-
let emission-line fluxes produced negative results as well (Simon
1986). Even our long-term APT observations did not lead to a
conclusive period (Strassmeier et al. 1999) although signals at
6.96 days and 2.31 days were present in the U-band APT data
but were formally below the limit of significance, i.e. had an
amplitude signal-to-noise ratio of below 4:1 according to the
criteria by Breger et al. (1993). However, the star seemed to
show seasonal brightness changes in all bandpasses that were
already noted in earlier observations by Lockwood et al. (1993).
The Lowell team obtained an rms error from eight years of
Strömgren data of as small as 0.m0029, i.e. a pretty constant
star for ground-based photometry, but mentioned that 31 Com is
variable on a seasonal timescale. Strassmeier et al. (1997a) pre-
sented a plot of seasonal photometry over almost 13 years that
also showed the long-term constancy of 31 Com. Nevertheless,
this led Kazarovets et al. (2003) to include 31 Comae in the 77th
name list of variable stars as LS Comae.

31 Comae is most interesting because of its evolutionary
status as a Hertzsprung-gap star and a possible member of the
close Coma-Berenices cluster Melotte 111 (Bounatiro 1993;
Odenkirchen et al. 1998). The vast majority of early-G stars
are comparably slow rotators, but some have rotational line
broadening up to 100 km s−1 (Hagen & Stencel 1985; Gray
1989). The sudden decline in rotation at spectral type G0-3III
in the sample investigated by Gray (1989) partly results from
a mix of stars of different masses and ages associated with
the rapid evolution into the Hertzsprung gap (De Medeiros &
Mayor 1999; De Medeiros et al. 2000) and partly from deep
mixing (Böhm-Vitense 2004). As a G0III star, 31 Com is in a

pre-braking phase but already started a rearrangement of its in-
ternal moment of inertia as the hydrogen-burning shell expands
rather quickly at that stage. For a 2.5-M� star this phase lasts
for ≈6 Myr according to the models with overshooting from
Pietrinferni et al. (2004) and therefore Hertzsprung-gap stars are
rather rare. Bright “sister stars” of 31 Com are known though,
e.g. HR 9024 (G1III), ψ3 Psc (G0III), and 35 Cnc = HR 3387
(G0III) (Wallerstein et al. 1994; Bopp et al. 1988), but also the
G0-1III primary of the Capella binary system (Ayres & Linsky
1980) resembles 31 Com.

In this paper, we first present and describe our new MOST
data and a set of new photometric APT observations along
with earlier data (Sect. 2). In the same section, we also present
new long-term high-resolution spectroscopy of 31 Com obtained
at STELLA, KPNO, and CFHT. In Sect. 3, we apply various
period-search algorithms to the photometry and the radial veloc-
ities. The MOST observations revealed, for the first time, the flux
modulation due to the rotation of the star. In Sect. 3.4 we analyze
the STELLA radial velocities in the same way as the photometry.
A more in-depth determination and a discussion of 31 Comae’s
stellar parameters are presented in Sect. 4. Section 5 presents the
first attempt to Doppler image the surface of 31 Comae followed
by our discussion (Sect. 6) and conclusions (Sect. 7).

2. Acquisition of photometric and spectroscopic
data

Table 1 is a summary of all observations in this paper. In particu-
lar, it lists the total number of individual spectra and light-curve
points, N, for the individual telescopes, respectively. Telescopes
are indicated by their short name, CF is the 0.9 m coudé feed
telescope at Kitt Peak, and STELLA is the AIP robotic facility
in Tenerife. PMT stands for photomultiplier tube.

2.1. MOST photometry from 2007

MOST observed 31 Com (V = 4.m9, B − V = 0.m67) from
March 15 to 25, 2007. In that period the star was acquired dur-
ing about half of each 101 min spacecraft orbit, the remaining
time was used to observe another field. The data were obtained
in the Direct Imaging field producing a PSF with ≈2.5 pixel
FWHM (3 arcsec pixel−1) rendered in 20 × 20 pixel subrasters
of the 1 k × 1 k CCD frame. With an exposure time of 0.3 s
plus accounting for frame transfer and readout time an image
was gathered every 0.8 s. To conform with data transfer lim-
itations, 52 images were stacked together onboard the satellite.
Data extraction was performed on stacked images obtained every
42 s (effective sampling time). The constant A-star HD 112152
(V = 9.m05, A3V) was observed during the same time interval
and with the same sampling as 31 Com and is shown in Fig. 1a
for comparison. Its data were additionally binned in units of the
MOST orbital period (101 min) to increase the signal. The data
reduction scheme (Rowe et al. 2006) is based on conventional
aperture photometry with an additional correction for straylight
contribution. The 31 Com photometry reveals a point-to-point
scatter of 0.9 mmag. The corresponding light curve is shown in
Fig. 1a.

2.2. APT Strömgren and Johnson photometry
from 1997–2003

Continuous photometry was obtained with the two 0.75 m T6
& T7 Vienna University Automatic Photoelectric Telescopes
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Table 1. Summary of new observations in this paper.

Observatory Type Instr. Time range N
JD 24+

CFHT Coudé spec. Gecko 49344 4
KPNO CF Coudé spec. Coudé 49415–50925 93
APT T6 vy PMT 50117–50261 380
APT T1 UBV PMT 50768–52820 458
APT T7 VIC PMT 50855–50929 143
APT T6 bv PMT 52390–52406 239
MOST Optical phot. CCD 54174–54184 11 679
STELLA-I Echelle spec. SES 54175–54527 187
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Fig. 1. MOST photometry of 31 Com in March 2007. a) Light curve
for a continuous 11-day run (top panel) and of a fainter comparison star
(lower panel; HD 112152, A3V; unbinned data are shown as grey-scale
dots, binned data as black dots). The abscissa is in fractional days from
JD 2 451 545 and the magnitudes are MOST instrumental magnitudes.
b) DFT periodogram from the MOST data. The full line is 31 Com, the
dashed line is for the comparison star HD 112152. The abscissa is in
units of cycles per day.

(APT) and the 0.25 m T1 Phoenix telescope, both located
at Fairborn Observatory in Arizona (Strassmeier et al. 1997b,
2001). The T6 data are the result of a contemporaneous run from
February 4 to June 27, 1996 (76 nights). The number of data
points is 378 in Strömgren b and 385 in y. The vb data are the
result of a continuous 16-night campaign with T6 in May 2002
and consist of 239 points in Strömgren v and 232 points in ywith
30 readings per night on average. Each one of these is actually a

mean of three individual interpolations between the variable and
the comparison star (see Granzer et al. 2001).

The T1 UBV and T7 VIC data are a continuation of the
1996/97 data already described and analyzed in Strassmeier et al.
(1997a,1999) and were taken on a single-reading-per-night ba-
sis with T1 from fall 1997 until spring 2003 and with T7 until
1998. Table 1 summarizes the exact time ranges of all new ob-
servations in this paper. We removed 31 Com from the target list
of T7 but kept it on T1 until its retirement in late 2003 in order
to monitor 31 Com’s long-term brightness. These data are pre-
sented in their original form in the electronic attachment but are
not used in the present analysis due to their moderate 1%-like
precision.

All APT observations were made differentially with respect
to HD 111469 as the comparison star (V = 5.m78, B−V = 0.m03;
Nicolet 1978) and HD 113996 (V = 4.m80, B − V = 1.m48;
Moffett & Barnes 1979) as the check star. All three telescopes
reached approximately one million counts for integrations of
10 s (30 s in U for T1), and thereby achieved an external pre-
cision of 1.2 mmag (T6 in y), 4 mmag (T7 in V), and 10 mmag
(T1 in V).

2.3. STELLA echelle spectroscopy from 2007–2008

From Mar 16, 2007 to Mar 22, 2008 we obtained 187 high-
resolution echelle spectra with the 1.2 m robotic STELLA-I tele-
scope and its fiber-fed STELLA Echelle Spectrograph (SES;
Strassmeier et al. 2004). During the period Mar 10–22, 2008
the one-picks-per-night observing schedule was changed to five
picks per night to search for short-term variations. All spectra
cover the wavelength range from 390–880 nm with increasing
inter-order gaps starting at 720 nm. Together with its 2k × 2k,
13.5-μm E2V CCD it provides an effective resolving power of
R = 55 000 corresponding to a spectral resolution of 5.5 km s−1

at 650 nm. Exposure time was set to 800 s and yielded S/N
ratios between 300–100:1 (per resolution bin) depending upon
weather conditions. Reference spectra of MK-standard stars as
well as radial-velocity standards were obtained throughout the
entire observing period.

The echelle spectra were automatically reduced and ex-
tracted using the IRAF–based STELLA data-reduction pipeline
(see Weber et al. 2008). The images were corrected for bad pix-
els and cosmic rays. Bias levels were removed by subtracting
the average overscan from each image followed by the subtrac-
tion of the mean of the (already overscan subtracted) master bias
frame. The target spectra were flattened through a division by
the master flat which had been normalized to unity. Radial ve-
locities from STELLA-SES spectra were derived from an order-
by-order cross correlation with a synthetic template spectrum
and then averaged. The standard error of a STELLA-SES ob-
servation of 31 Com is ≈100 m s−1. Individual observations are
given in Table 2. No systemic zero point shift was added. The
rms value given is the rms from cross correlations of 19 spectral
orders. The complete data set is available in electronic form at
the CDS.

2.4. KPNO coudé spectroscopy from 1994–1998

Altogether 93 spectra were obtained at Kitt Peak National
Observatory (KPNO) with the 0.9 m coudé feed telescope during
runs in Mar. 4–18, 1994, Feb. 24–Mar. 7, 1995, Jan. 11–26,
1996, Dec. 26–Jan. 15, 1997/98, and April 3–22, 1998. In
1994–1996, a 800 × 800 TI CCD (TI-5 chip, 15 μ pixels)
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Table 2. Barycentric STELLA radial velocities.

UT Date HJD vr rms
(2 400 000+) (km s−1) (km s−1)

2008 Mar 22 54547.757805 0.215 0.087
22 54547.697025 0.243 0.088
22 54547.628012 0.068 0.081
22 54547.523352 0.134 0.084
21 54547.416795 0.764 0.103
19 54544.705020 0.059 0.096
19 54544.632086 0.470 0.092
19 54544.561231 0.769 0.105
19 54544.541172 1.076 0.096

Notes. Full Table 2 is available at the CDS.

Table 3. KPNO radial velocities.

UT Date HJD vr rms Ref.
(2 400 000+) (km s−1) (km s−1) star

1994 Mar 04 49415.8495 +1.6 4.4 16 Vir
04 49415.8612 +1.3 4.2 16 Vir
05 49416.7463 +1.3 3.8 δAur
05 49416.7532 +1.0 4.9 δAur
06 49417.7498 –1.9 4.9 16 Vir
07 49418.7465 –2.3 4.3 16 Vir
10 49421.7481 –2.6 4.5 16 Vir
11 49422.7509 –2.4 4.2 16 Vir
12 49423.9013 –2.5 3.9 16 Vir

Notes. Full Table 3 is available at the CDS.

was used with grating A, camera 5 and the long collimator at
R = 38 000 that gave a 8-nm wavelength range centered at
642 nm. An exposure time of 1200 s resulted on average in a
S/N of 200:1. From 1998 on, we used the 3k × 1k Ford3k CCD
that gave a wavelength coverage of 30nm but with a lower reso-
lution of R = 27 000 at 650 nm but comparable S/N.

All data were reduced in the standard fashion using IRAF
and included standard bias subtraction, flat fielding and aperture
extraction. Frequent wavelength comparison spectra and spectra
of bright radial-velocity standards were obtained several times
throughout a night to ensure an accurate wavelength calibration.

Radial velocities from the KPNO spectra were derived from
cross correlating the 31 Com spectra mostly with the IAU veloc-
ity standard 16 Vir (K0.5III, vr = +35.7 km s−1). Occasionally,
other IAU standards were employed, i.e. δ Aur (K0III, vr =
+7.61 km s−1), α Tau (K5III, +54.1 km s−1), HR 3145 (K2III,
+70.90 km s−1), and β Gem (K0III, +3.30 km s−1). The stan-
dard error of a KPNO observation is 4–7 km s−1. This is anoma-
lously high for spectra at the given resolution but is due to the
broad line profiles of 31 Com. Individual observations and the
adopted cross-correlation reference star are given in Table 3.
From 1994–1995 the error of a single unit-weight velocity was
4.5 km s−1. In 1996, a CCD with smaller pixels but also smaller
wavelength coverage was used and the uncertainties were ac-
cordingly larger, ≈7 km s−1. In 1998, the larger wavelength cov-
erage with a bigger CCD reduced this again to 4.0 km s−1. The
cross-correlation reference stars 16 Vir, δ Aur, HR 3145, αTau,
and βGem were used with an adopted velocity of +35.70,+7.61,
+70.90, +54.1 and +3.30 km s−1, respectively. The complete
data set is available in electronic form at the CDS.

2.5. CFHT coudé spectroscopy from 1993

Strassmeier et al. (1994) presented a subset of the CFHT spec-
tra obtained in December 1993. A total of four spectra, covering
the wavelength range 633–653 nm and one covering the lithium
671 nm region, were obtained. We used the f/8 coudé spectro-
graph with the 600 l mm−1 mosaic grating in first order. The ef-
fective resolving power was 27 000 with the 2k × 2k Lick CCD
and allowed a S/N ratio of close to 400:1 in 900 s.

3. Rotational period search

3.1. Summary of techniques

Four different techniques are applied in the course of this paper:

– Phase dispersion minimization (PDM, Lafler & Kinman
1965; Stellingwerf 1978) is a reliable approach to non-
sinusoidal variations such as rotational modulations caused
by stellar surface structure. Its advantage over the Fourier
methods (especially if not more than a single-periodic pro-
cess is considered) is that no initial assumption on the shape
of the signal needs to be drawn.

– SigSpec, developed by Reegen (2007), relies on a
frequency- and phase-dependent statistical treatment of the
discrete Fourier transform (DFT). For a given DFT ampli-
tude A, it provides unbiased spectral significance sig (A), di-
rectly linked to false-alarm probabilities ΦFA (A) via

sig (A) = − logΦFA (A) , (1)

taking into account the properties of the time-domain sam-
pling appropriately.

– The Lomb-Scargle (L-S) periodogram is designed for un-
evenly spaced data. Lomb (1976) proposed to use least-
squares fits to sinusoidal curves and Scargle (1982) extended
this by deriving the null distribution for it. We use the formu-
lation implemented by Press et al. (2002).

– CLEAN was originally invented to clean radio maps from
noise (Roberts et al. 1987). Applied to time series it re-
moves iteratively the artificial frequencies introduced due to
the window function.

3.2. Application to MOST photometry

Figure 1a shows the MOST photometry and Fig. 1b a DFT pe-
riodogram over a large period range. It reveals a clear peak at
≈0.31 c/d, or ≈3.2 days. Its window function is sufficiently clean,
and our expected rotational signal is not affected by the fact that
31 Com was not observed exclusively during each spacecraft or-
bit of 101.4 min (14.2 c/d; Walker et al. 2003). The ≈0.3 c/d
peak is confirmed by the L-S approach (Fig. 2a) which provides
a refined period of 1 ± 2 days.

The phase-dispersion diagram in Fig. 2b reveals two pro-
nounced local minima at periods of 3.4 and 6.8 days. While
the 3.4-day minimum is well-defined and symmetric, the 6.8-
day minimum appears split into two equal minima at 6.88
and 6.45 days. In addition, there is a trend towards a lower
phase dispersion with increasing period. This addresses a gen-
eral PDM-related problem for periods reaching the order of the
time spanned by the data set. In this case, the number of phase
bins containing data from different periods becomes poor, and
even for periods not referring to an intrinsic signal, the variance
within the bins will remain of the order of the total variance be-
cause the high systematic deviations of data originating from dif-
ferent cycles are missing. If we remove this trend to first order,
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Fig. 2. Periodograms for the MOST data with a) the Lomb-Scargle al-
gorithm, b) the Phase-Dispersion Minimization (PDM), and c) a statisti-
cal treatment of the Discrete Fourier Transform (DFT) as formulated by
Reegen (2007). The DFT amplitude, A, in mmag (top curve), is shown
on the right ordinate (inverted) and its significance, sig (A), on the left
ordinate. A peak of ≈0.3 c/d is evident from all techniques.

i.e. by dividing the relative phase dispersion by a low-order poly-
nomial fit to its upper envelope, the 3.4-day minimum appears
36% deeper than the 6.8-day minimum.

The DFT application with SigSpec uses a fundamental fre-
quency f plus a set of harmonics, i.e. fh = (h + 1) f , h =
0, 1, ...,H. As discussed in detail by Reegen et al. (2006), MOST
light curves potentially suffer from stray-light induced artifacts,
which produce pseudo-periodicities close to the orbital period of
the spacecraft (101.4 min). Since the rotation period of the star
is expected to be considerably longer than 1 day, setting H = 12
avoids a contamination of the frequencies below 1 d−1 by the
stray-light artifacts around 14.2 d−1.

A combined DFT amplitude and significance spectrum is
displayed in Fig. 2c. The greatest significance is associated with
an amplitude peak of 1.0 mmag found at 0.143 c/d. Comparing
this frequency to the Rayleigh frequency resolution (the inverse
length of the dataset) of 0.09145 c/d, this peak has to be consid-
ered as an indication of a signal at a period too long to be resolv-
able by the DFT. However, the significance attains another maxi-
mum at 0.296 c/d which corresponds to a period of 3.378 days, in
good agreement with the period found by PDM, Lomb-Scargle,
and a standard FFT. Unfortunately, the high-amplitude peak at
0.143 c/d does not permit us to state whether twice the 3.378-
day period is also obtainable by DFT.

The advantage of PDM compared to DFT is that PDM does
not imply any assumption on the shape of the examined signal,
whereas the DFT implicitly relies on the sinusoids. If a signal is
non-sinusoidal (as in case of the MOST data), the DFT spreads
the power contained in this signal over the signal frequency and
all integer multiples. A weakness of the PDM analysis is that
each of the aforementioned local minima is superposed by sev-
eral sharp peaks spaced by approximately the 101.4 min period

of the MOST orbit. PDM recovers the 6.8-d period as the most
significant.

In principle, very small photometric amplitudes or even non
detections of rotational modulation of otherwise magnetically
active stars may be due to several reasons. Firstly, a low in-
clination of the axis of rotation with respect to the observer
may prevent the detection of rotational-modulation in the disk-
integrated light curve. Secondly, a star’s surface may show a
large number of small faculae and/or spots distributed symmetri-
cally over the surface at the same time (like a chessboard struc-
ture). In this case, simple local flux cancelation would prevent
the detection of light changes by means of disk-integrated pho-
tometry. A third reason for a non detection could be that the rela-
tively thin convective envelope of a G0 star may prohibit the for-
mation of large-scale photospheric and chromospheric surface
structure and result in a more uniform spot distribution. Because
the MOST light curve shape appeared not perfectly repeated in
the second stellar rotation, we conclude that it is most likely
that the white-light bandpass of MOST is dominated by facu-
lae rather than spots with a variability time scale significantly
shorter than the rotational period. This is more of a solar anal-
ogy than what we would expect for a giant star rotating 30 times
faster than the Sun.

3.3. Application to APT photometry

Each of the seasonal data sets was analyzed with the four algo-
rithms described in Sect. 3.1. As we have seen from the appli-
cation to the MOST data, not all algorithms provide a reliable
recovery. Whenever possible, seasonal data were first split into
subsets from the three telescope – T1, T6, and T7 – and analyzed
individually. This appeared necessary because the zero-point
shifts between the three telescopes (cf. Strassmeier et al. 1997b)
likely exceed the expected amplitude of 31 Com and would
confuse or even suppress the rotational-modulation signal. The
corresponding seasonal and instrumental amplitude spectra and
spectral windows are not given in detail but all spectral win-
dows show strong 1-day aliasing and the expected high degree
of symmetry with respect to 0.5 c/d. None of the T1 and T7 data
showed a clear period above its respective noise levels and were
not further investigated.

Only the 1996 and 2002 T6 data seem to have sufficient pho-
tometric precision that would allow the detection of an ampli-
tude and period comparable to the MOST data. Because periods
shorter than one day would lead to unrealistically large equa-
torial rotational velocities for a G0 giant, we considered only
the range between 0 and 1 c/d, claiming all frequencies ex-
ceeding this upper limit to be aliases of the “true” frequency.
The frequency and amplitude of the highest peak in each am-
plitude spectrum are taken as initial values for a least-squares
fit. Amplitude and period rms errors are computed by means of
numerical simulations of error propagation as provided by the
program EPSim (Reegen 2004).

As a cross check, we apply exactly the same SigSpec DFT
analysis as for the MOST data and plot the significance spectra
in Fig. 3. Again, the significance spectra represent the (nega-
tive) logarithm of the false alarm probability of the considered
frequency plus 12 integer multiples. The rotational frequencies
obtained from all four data sets are in acceptable agreement with
the value obtained from the MOST photometry. A summary of
all period determinations is provided in Table 4. We adopt an av-
erage from the MOST photometry of 6 .d80 ± 0 .d06 by assuming
equal weights for the different methods where the error is now
simply its rms. Figures 4a,b show phase plots for the MOST and
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Fig. 3. Significance spectra of the APT light curves. From top to bottom:
b 1996, y 1996, v 2002, y 2002. Note that the amplitude scale for 1996
and 2002 are different. For each frequency, f , the significance of this
frequency and 12 integer multiples are added up, returning the False-
Alarm Probability for the fundamental and harmonics simultaneously,
thus taking into account the expected non-sinusoidal photometric vari-
ation invoked by the rotating surface. The length of the pins referred
to the right (inverted) ordinate and represent the best-fitting frequencies
(Eq. (1)) and the individual amplitudes of all 12 harmonics.

Table 4. Best-fit periods in days from the MOST observations, the four
APT T6 data sets, and the STELLA radial velocities.

Dataset CLEAN L-S PDM DFT δ fR

MOST 2007 . . . 3.377 6.87 6.97 0.091
APT b 1996 3.54 7.16 7.04 6.97 0.007
APT y 1996 3.56 3.56 6.94 6.96 0.007
APT v 2002 8.31 . . . 3.47 7.04 0.062
APT y 2002 12.2 . . . 3.45 6.96 0.061
STELLA 2007/8 6.73 6.76 6.80 6.75 0.008

Notes. The methods applied are CLEAN, L-S=Lomb Scargle,
PDM=Phase Dispersion Method, DFT=Discrete Fourier Transform.
The last column lists the Rayleigh frequency resolution, δ fR, defined
as the inverse total time covered by the respective time series.

the APT photometry, respectively. The MOST data are addition-
ally plotted with half of the adopted period for visual compari-
son.

3.4. Application to STELLA radial velocities

3.4.1. Mean radial velocities and error estimates

We measured a total of 187 radial velocities with STELLA
between 2007–2008, 93 radial velocities at KPNO between

a) MOST lightcurve b) APT lightcurve
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Fig. 4. Phased light curves. a) The MOST light curve from 2007. Shown
are the light curves phased with the 6.80-day (bottom) and the 3.38-day
period (top). b) Our best-sampled APT light curve with a period of
7.045 days (data set APT b 1996 in Table 4). The zero phase is arbi-
trary.

1994–1998, and five at CFHT in 1993. Not surprisingly, all
these measures have different zero points. Moreover, the KPNO
data were obtained with different setups during a total of five
observing runs with varying cross-correlation reference targets
(depending upon observing season). Besides, CFHT and KPNO
data were single order spectra that, together with the large line
broadening of 31 Com, resulted in uncertainties for individual
measurements of as high as 4–7 km s−1. This is simply be-
cause radial velocity determinations with the cross-correlation
technique from short chunks of the spectrum are intrinsically
much less precise than from echelle spectra with a large wave-
length coverage. Additionally, some of the cross-correlation pro-
files showed asymmetries that most likely resulted from a non-
uniform distribution of star spots at certain epochs, e.g., in 1993
(Strassmeier et al. 1994).

Bounatiro (1993) listed a single radial-velocity measure
of −1.48 km s−1 in agreement with other mostly single mea-
sures, e.g., of −1.25 ± 4.11 km s−1 (deMedeiros & Mayor
1999), −0.7 ± 2.8 km s−1 (Holmberg et al. 2007) or −2.1 ± 0.8
(Gontcharov 2006). Odenkirchen et al. (1998) concluded on an
average cluster velocity of −0.1 ± 0.2 km s−1 for Melotte 111.
Recently, Mermilliod et al. (2008) improved that value to
+0.01± 0.08 km s−1 based on 28 members. Madsen et al. (2002)
presented an astrometric radial velocity of +2.1 km s−1 obtained
from a kinematic solution of the Coma Berenices moving clus-
ter using data from the Hipparcos main catalogue. The 40 mem-
bers of the cluster in their study had a range of radial veloc-
ities between +(1.2–2.8) km s−1. Our late 2007 and all 2008
STELLA spectra show a mean (barycentric) velocity of +0.56±
0.43(rms) km s−1. Its rms is a combination of the rotational mod-
ulation and the uncertainty from the large rotational line broad-
ening. The initial 2007 STELLA data had a zero-point offset
with respect to the late 2007 and all 2008 data of −0.35 km s−1

which was caused by a misalignment of the fiber exit with re-
spect to the spectrograph collimator (see Weber et al. 2008) and
was properly corrected. We have shifted the earlier 2007 data
by +0.35 km s−1. Note that the rms is also two times higher for
the initial 2007 data than for the rest. A preliminary zero point
from four K0III standard stars (Strassmeier et al. 2010) ties the
STELLA velocities to the CORAVEL system when subtracting
460 m s−1 from the STELLA radial velocities. The mean radial
velocity of 31 Com becomes then +0.10 ± 0.33 km s−1.

3.4.2. Rotational modulation

Starspots influence the symmetry of spectral line profiles
and thereby influence also the radial velocity measurement.
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In eclipsing binaries such modulations are known as the
Rossiter-McLaughlin effect when one component eclipses parts
of one hemisphere of the other component which leads to an
asymmetric line profile. This way stellar rotation was discov-
ered in the early twenties of the previous century (Rossiter 1924;
McLaughlin 1924). The effect is now being used to detect and
characterize the transits of extrasolar planets (e.g. Dreizler et al.
2009). Radial velocity modulations due to the asymmetric line
profiles of cool starspots can nowadays be detected, e.g., for the
pre-main sequence star LkCa 19 (Huerta et al. 2008) or the very
active main-sequence star V889 Her (Huber et al. 2009).

For a search of rotationally induced radial-velocity modula-
tions in 31 Comae, we decided not to combine the various data
sets, as with the APT photometry, and therefore refrained from
an uncertain inter-annual, inter-instrumental zero-point correc-
tion. Instead, we focus on the best sampled, most homogeneous
and most precise data set from the STELLA robotic telescope.

A phase-dispersion diagram of the 2008 data revealed a min-
imum at 6.80 days with a full amplitude of ≈250 m s−1. A
CLEANed periodogram suggested a frequency peak correspond-
ing to 6.73 days and comparable amplitude. None of the four
algorithms applied (CLEAN, L-S, PDM, and DFT) showed a
statistically truly significant peak though, partly due to the lim-
ited number of measurements available. Table 4 summarizes all
results. DFT showed no clear single peak at all while PDM,
CLEAN and L-S gave the highest peak around f0 ≈ 0.148 c/d
(Fig. 5a). To assess the relevance of this frequency we applied
a bootstrapping procedure to our data following the recipe of
Press et al. (2002). One particular problem with this technique
for period-search applications is the inherent change of the sam-
pling. Therefore, only very robust results can be drawn from
such an analysis which is, in a certain way, also its advantage. We
generated one thousand test sets by replacing 36.8% (1/e) of the
original data with randomly chosen data points from the same
data set. L-S and CLEAN where then applied to all thousand
data sets and the five highest frequency peaks recorded for each.
For both period analyses, L-S and CLEAN, the most frequently
occurring peak was 0.148 c/d in 50% of the L-S cases and in
68.5% of the CLEAN cases. The second most dominant peak at
0.242 c/d was found in 46.7% of the L-S cases but only in 39.7%
of the CLEAN cases. We consequentially used the average fre-
quency as the starting value for a least-square minimization of
a purely harmonic fit to our original velocities. It yielded a final
peak of 0.14791 c/d that was only marginally different from the
original frequency but with a full amplitude of 270 ± 30 m s−1.
The corresponding period of 6.761 d was used to finally phase
the STELLA data as shown in Fig. 5b.

Saar & Donahue (1997) and Hatzes (2002) gave a relation-
ship of velocity amplitude A in m s−1 with spot coverage F in
per cent and line broadening v sin i in km s−1 (A = (8.6v sin i −
1.6)F0.9). This relationship would suggest F ≈ 40% for 31 Com.
We conclude, firstly, that the star is single and that the 6.8-day
period is indeed the true rotation period and, secondly, that the
spot and/or surface-velocity distribution was significantly asym-
metric with respect to the central meridian so that the disk-
integrated radial velocities could be modulated.

4. Global physical parameters of 31 Comae

4.1. Variability time scale

Figure 4 shows phase plots of the MOST data as well as of
our best-sampled APT T6 data. The STELLA radial velocities
are shown in Fig. 5b. For all cases the peak-to-peak amplitudes

a) Periodogram b) Phased radial velocities
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Fig. 5. STELLA radial velocities from the 2007/2008 observing season.
a) CLEAN periodogram; b) phased radial-velocity curve. None of the
four periodogram algorithms, CLEAN, L-S, PDM, and DFT, showed a
statistically truly significant peak. However, a bootstrapping procedure
identifies the f = 0.148 c/d peak as the most solid frequency. This
peak is then used as a starting value for a least-square minimization of
a purely harmonic function and results in the best-fit period of 6.761 d.
The sinusoidal peak-to-peak amplitude is 270 m s−1.

are at the mmag or the m s−1 level. The MOST data are plotted
with both possible periods (3.38 and 6.80 days, respectively).
The 3.38-day period gives a slightly larger amplitude but in-
creases the overall scatter by approximately 20%. The 6.8-day
period preserves the scatter as evident in the time plot in Fig. 1a
but makes the phased light curve more complex. Nevertheless,
the MOST light curve resembles that of the Sun during sunspot
maximum (see, e.g., Fröhlich 2009), being likely dominated by
bright faculae rather than dark spots. Changes of the light-curve
shape from one rotation to the next suggests surface variability
on time scales shorter than the rotational period. In white light,
like for MOST, it stems from a mixture of spots and faculae
and presumably is dominated by faculae that have their emis-
sion peak in the blue part of the spectrum. This is likely the
reason why it is so difficult to pinpoint the rotation period of
Hertzsprung-gap giants1. We may add though that we never saw
a flare in our long-term BVRI photometric monitoring.

4.2. Distance, radius, rotational velocity, and inclination

Bell & Gustafsson (1989) predicted an angular diameter of
0.91 mas based on the apparent bolometric flux of 30.5 ×
10−15 W cm−2. It is also listed in the CHARM-2 catalog
(Richichi et al. 2005). An independent estimate for future VLTI
measurements by Wittkowski et al. (2002) arrived at the same
diameter. Hipparcos originally measured a trigonometric par-
allax of 10.62 ± 0.90 mas (ESA 1997). The revised Hipparcos
parallax of 11.22 ± 0.23 mas (van Leeuwen 2007) corresponds
now to a distance of 89.1+1.9

−1.7 pc instead of 94+9
−7 pc. Both par-

allaxes are in agreement with estimated parallaxes from a kine-
matic (open-cluster) solution by Madsen et al. (2002) though.
The new parallax and the angular diameter convert to a stellar
radius of 8.74 ± 1.1 R� for 31 Com, where the error includes an
estimated 10% error for the angular diameter.

Earlier v sin i measurements based on photographic plates
and partly on low spectral resolution and moderate S/N ratio
ranged from 90 km s−1 to 50 km s−1 (Bernacca 1973; see also
Wallerstein et al. 1994). More modern measures gave gener-
ally smaller values, e.g., 57.0 ± 1.5 km s−1 (Strassmeier et al.
1994), 66.7 ± 6.6 km s−1 (deMedeiros & Mayor 1999), and

1 The same is true for disk-integrated white-light data of the Sun,
as demonstrated, e.g., from the ACRIM data by Strassmeier & Oláh
(2004).
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63.0 ± 3.2 km s−1 (Reiners 2006). With the higher resolution
STELLA spectra and their much broader wavelength range,
combined with the more direct synthetic spectrum fitting as de-
scribed in Sect. 4.3, we revise our earlier v sin i measurement to
67 ± 2 km s−1 (with a fixed microturbulence of 1.5 km s−1 and
a macroturbulence of 5 km s−1). Note that Bernacca (1973) al-
ready listed a measurement of 67 ± 3 km s−1.

With this v sin i and a period of 6.761 d, the minimum radius,
R sin i, is 8.95± 0.27 R�. Despite it is larger than the radius from
the angular diameter, the two values are consistent within their
errors. We conclude that the stellar inclination, i, is most likely
close to 90◦, i.e. equator-on. However, the uncertainties of the
angular diameter based radius and the v sin i measure formally
allow an inclination of as low as ≈60◦.

4.3. Effective temperature, gravity, and metallicity

Gray et al. (2001a,b) had 31 Com in their sample of late-
A to early-G stars. They fitted low-resolution spectra in the
380–460 nm range with synthetic spectra based on ATLAS-9
atmospheres simultaneous with fluxes from Strömgren photom-
etry and found Teff = 5810 K, log g = 3.42, a “microturbulence”
of 1.7 km s−1, and a metallicity of −0.27 dex with respect to the
Sun2. Given its uncertainties of ±80 K, ±0.10 dex in log g, and
±0.10 in metallicity, the values are in agreement with the uvby-
based Geneva-Copenhagen (GC) survey result of 5875 K but in
disagreement with its original [Fe/H] = +0.14 value (Holmberg
et al. 2007). The revised GC catalog (Holmberg et al. 2009) lists
Teff = 5533 K and [Fe/H] = −0.17. The infrared flux method was
used by Bell & Gustafsson (1989) to obtain 5841 K. Other Teff
values in the literature are, e.g., 5623 ± 150 K (Reiners 2006)
based on uvbyβ photometry or 5572 K (Böhm-Vitense 2004)
based on the Tycho/Hipparcos B − V . The sub-solar metallic-
ity of −0.27 dex, i.e. the corrected Gray et al. (2001a) value,
is somewhat in disagreement with 31 Com being a member of
Melotte 111. Odenkirchen et al. (1998) compiled a mean cluster
metallicity of −0.062 with a dispersion of 0.023. We notice that
the two other rapidly rotating, early-G giants in Table 1 in Gray
et al. (2001b),ψ3 Psc and 35 Cnc, have been measured with prac-
tically the same metallicity as 31 Com, as well as similar E(b−y).
This is particularly interesting because all three stars are very
active and rapidly rotating giants, though their Strömgren fluxes
likely not a good choice for reddening determinations.

We used five out of the 81 echelle orders of our
STELLA-SES spectra to determine the effective temperature,
gravity and metallicity by fitting a synthetic spectrum. This fit is
shown in Fig. 6. We employ the method and the numerical tools
described in Allende-Prieto et al. (2004, 2006). Synthetic spectra
are tabulated with metallicities between −1 dex and +0.5 dex in
steps of 0.5 dex, logarithmic gravities between 0 and 5 in steps of
0.5, and temperatures between 3500 K and 50 000 K in steps of
250 K for a wavelength range of 380–920 nm. This grid is then
used to compare with the five selected echelle orders of each
spectrum (all in the wavelength range between 549–623 nm).
The final values per spectral order are chosen on the basis of a
weighted least-squares minimization fit with predetermined and
fixed v sin i. From a total of 187 spectra, the mean and the stan-
dard deviations comprise then the best value and its internal pre-
cision. We found Teff = 5660 ± 42 K, log g = 3.51 ± 0.09,

2 For stars later than F5, Gray et al. (2001a) suggested corrections
to the values listed in their Table 1 for log g of +0.12, for [Fe/H] of
+0.06 dex, and for microturbulence of −0.5 km s−1, which has been ap-
plied here.

HeI

Wavelength (Ang)

Fig. 6. Portions of five echelle orders from STELLA used to derive the
photospheric parameters for 31 Com. The thin line is the data and the
thick line is our synthetic-spectrum fit with PARSES. Note the “misfit”
for the He i 587.56-nm line (total line equivalent width Wλ = 130 mÅ;
middle panel), indicating that the line is chromospheric in origin.

and [Fe/H] = −0.15 ± 0.03. Our spectroscopic Teff value is
significantly cooler than the Gray et al. (2001a,b) value but
agrees with the Strömgren colors, while log g and the metallicity
are better constrained and agree with the Gray et al. study within
their respective error bars. Our metallicity tends to be more so-
lar and now better agrees with the average Melotte-111 cluster
metallicity.

Figure 6 also shows the detection of a He i D3-line at
587.56 nm. The presence of this line indicates non-radiative
heating processes in the atmosphere on 31 Comae since the line
cannot be excited at photospheric temperatures. After subtrac-
tion of the photospheric fit (the thick line in Fig. 6) the blend-
corrected equivalent width of the He i line is 95 ± 5 mÅ. This
is exceptionally strong with respect to active G and K dwarfs
(at least factor 2–3) in the sample of Saar et al. (1997) and
again manifests the strong chromospheric magnetic activity of
31 Comae.

4.4. Mass, luminosity, age, and angular momentum

The distance of 89 pc and the apparent V brightness of 4.m935
convert to an absolute magnitude of +0.m19 ± 0.05. The star is
closer than 100 pc and thus no interstellar absorption was taken
into account despite the fact that Gray et al. (2001a) inferred
E(b − y) = 0.m06 from Strömgren indices, but see above. With a
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Fig. 7. 31 Comae in the H-R diagram log L/L�(log Teff). Its position
and observational uncertainties are indicated as a dot with bars. The
tracks are from the grid of Pietrinferni et al. (2004) for a metallicity
of [Fe/H] = −0.15 and were computed with overshooting. Tracks for
various masses are indicated. The insert shows a zoom of the boxed
region from which we directly infer a nominal mass of 2.6±0.1 M� and
an age of ≈540 Myr for 31 Comae.

bolometric correction of −0.102 taken from Flower (1996) and
based on Teff = 5660 K, or B − V = 0.m67, a luminosity of
73.2 ± 4 L� follows (adopting Mbol = 4.m75 for the Sun). If we
deduce the radius from the predicted angular diameter, and use
the same Teff as above, the luminosity is 77.7 ± 13 L�, in fair
agreement with the distance-based luminosity. The 42-K error
for Teff makes only little difference here. According to the evo-
lutionary tracks from the BaSTI grid (Pietrinferni et al. 2004)
with [Fe/H] = −0.15 and with overshooting the best match in the
H-R diagram is provided with a mass of 2.60 ± 0.10 M� and an
isochrone with a nominal age of 540 Myr. Figure 7 shows the po-
sition of 31 Com with respect to these evolutionary tracks. The
insert is a zoom and indicates the aging sequence for a 2.5-M�
track. Note that the error bars that we give in Table 5 for the
mass and the age are solely with respect to the observational un-
certainties and do not take into account the uncertainties of the
tracks themselves. Note also that a comparison with tracks with-
out overshooting (and same metallicity as above) would increase
the mass by ≈10% and decrease the age by ≈36%.

The open-cluster age of Melotte 111 in the literature varies
between 300 Myr and 1 Gyr but recent isochrone fittings con-
strain an age between 400–500 Myrs (Odenkirchen et al. 1998;
see also the summary in Casewell et al. 2006). Our new value
is more precise and likely also more accurate and agrees well
with the age of 0.5 ± 0.1 Gyr listed in the revised GC catalog of
Holmberg et al. (2009).

The absolute parameters in Table 5 constrain the logarithmic
(pseudo) angular momentum, mRv, to 2.92±0.05 with respect to
today’s Sun. This appears larger than expected from simple con-
servation arguments (Gray 1992). According to the Pietrinferni
et al. (2004) models, 31 Com was a B9 star on the ZAMS with
Teff ≈ 11 750 K and a radius of ≈2 R�. If we assume mass and
angular-momentum conservation its equatorial rotational veloc-
ity was then around 176 km s−1, which is faster by ≈20% than
an average B9-A0V star (Gray 1992).

With the current values for 31 Com and their errors given,
can we validate or falsify the usual assumption of angular-
momentum conservation from the ZAMS until today? Just re-
cently, Kim & Barnes (2008) computed evolutionary tracks and
moment-of-inertia models for a 2.5 M� star using the Yale

Table 5. Astrophysical properties of 31 Comae.

Parameter Value Based on
V0, mag 4.m935 APT V photometry
Distance, pc 89.1+1.9

−1.7 revised Hipparcos
MV +0.m19 ± 0.05 from V0 and distance
Classification, MK G0III Gray et al. (2001a)
Temperature, K 5810 Gray et al. (2001a)

5660 ± 42 STELLA spectra
Radius, R� 8.74 ± 1.1 angular diameter
Minimum radius, R� 8.95 ± 0.27 from Prot & v sin i
Luminosity, L� 73.2 ± 4 from MV and B.C.

77.7 ± 13 from R and Teff

Gravity, cgs 3.42 Gray et al. (2001a)
3.51 ± 0.09 STELLA spectra

Mass, M� 2.6 ± 0.1 evolutionary tracks
Age, Myr 540+24

−21 isochrone fitting
Metallicity, [M/H] −0.21 Gray et al. (2001a)

−0.17 GC, Strömgren phot.
−0.15 ± 0.03 STELLA spectra

Li abundance, H = 12 3.0 ± 0.15 STELLA spectra
Average RV, km s−1 +0.10±0.33 STELLA spectra
v sin i, km s−1 67 ± 2 STELLA spectra
Rotation period, days 6.80 ± 0.06 MOST photometry

7.04 ± 0.12 APT y photometry
6.76 ± 0.02 STELLA radial velocity

Inclination, deg ≈80 adopted

Notes. Values not cited in the third column were obtained in this paper.
GC=Geneva-Copenhagen survey.

Rotating Star Evolution Code (Demarque et al. 2008) with solar
metallicity. In their models, a convective envelope first appears
at 539 Myr, so no mass loss due to magnetized winds is expected
before that. The moment of inertia of such a model at the ZAMS,
i.e. 3.8 Myr post the birthline, is 4.9 × 1054 g cm2. It decreases
briefly at 5–10 Myr to a minimum of 3.7 × 1054 g cm2, then in-
creases steadily so that at 540 Myr it is 5.8 × 1055 g cm2. At this
last stage, the model turns out a star that is at 5570 K and 35.6 L�.
As this is discrepant to our measured values by about 90 K for
the temperature and a factor of two for the luminosity, Kim &
Barnes (priv. commun.) recomputed the 2.5 M� model including
core overshoot of 0.2 and with sub-solar metallicity. The results
show a luminosity of 80.5 L� and Teff = 5794 K at an age of
540.8 Myr, which now seems to agree with our observations.
The moment of inertia is 5.3 × 1055 g cm2 at this age, having
increased from 3.3 × 1054 g cm2 at the ZAMS by more than an
order of magnitude. Consequently, our rotation period of 6.8 d
at 540.8 Myr works out to an expected period of 0.42 d on the
ZAMS, corresponding essentially to maximal angular momen-
tum of the model, and hence no loss by today’s age of 31 Com.
At the base of the giant branch at 541.7 Myr, and 5400 K and
56 L�, the moment of inertia will be 1.69 × 1056 g cm2, so the
expected rotation period in ≈1 Myr would be ≈22 d if no further
angular-momentum loss takes place. This translates to a (linear)
period decrease dP/dt = 4 × 10−7 which is, unfortunately, not
detectable with the current precision.

The above moment-of-inertia model with core overshoot is
the very first one computed, so it is currently only safe to say
that angular momentum loss via winds has not taken place de-
spite the star having crossed much of the Hertzprung gap. This
is entirely consistent with stars starting with maximal or near-
maximal angular momentum on the ZAMS and conserving it
up to and throughout most of the Hertzsprung gap. We also as-
sumed rigid-body rotation throughout the age of 31 Com and in
particular also when on the ZAMS and shortly thereafter when
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the moment of inertia is at a minimum. It is remarkable that the
predicted onset of envelope convection coincides so precisely
with the current age of 31 Com. With the further increase of the
depth of the convective envelope towards the RGB the star will
likely maintain its magnetic activity until it arrives at the end
of its first ascend of the RGB when significant mass loss sets
in. However, with the increase of dynamo activity due to the in-
crease of the convective envelope, 31 Com must be also prone
to magnetic braking, comparable to solar-mass main-sequence
stars as we know it from the Skumanich law (Skumanich 1972;
see also e.g. Barnes 2003). The predicted period decrease be-
comes then just a lower limit.

4.5. Lithium abundance

Our high-resolution spectra show a strong Li i resonance line
at 670.78 nm, as already found by Wallerstein et al. (1994),
Böhm-Vitense (2004), and others. The only other lithium line
in the optical spectrum, the subordinate line at 610.36 nm (ac-
tually a close triplet), appears fully blended with the nearby
Ca i+Fe i blend at 610.27 nm and remains practically unmea-
surable. The de-blended equivalent width of the 670.78 nm line
is 171 ± 20 mÅ. It is blended in the blue wings with the unre-
solved Fe i+V i line pair at 670.5 nm, itself having an equivalent
width of 96 mÅ from a double Gaussian fit, and in the red wing
by several unresolved CN and 24MgH features. Note that the
nearby Ca i line at 671.7 nm appears slightly stronger than the Li
line with an equivalent width of ≈188 mÅ. The 171-mÅ equiva-
lent width of Li is converted to an abundance of log n(Li) ≈ 3.0
(with respect to log n(H) = 12) based on Teff = 5660 K and
log g = 3.5 in the NLTE tables in Pavlenko & Magazzú (1996).
Due to the large v sin i we cannot separate the two isotopes 6Li
and 7Li. The uncertainties of ±42 K for Teff and ±20 mÅ for
the equivalent width convert into an uncertainty of the com-
bined isotope abundance of ±0.15 dex. 31 Comae is therefore
still a Li-rich giant close to the meteoritic abundance (see, e.g.,
Charbonnel & Balachandran 2000), but the start of the Li dilu-
tion for a 2.6-M� star is predicted to occur nearly exactly at its
current age (Charbonnel & Balachandran 2000). However, given
the uncertainties of the tracks, the star’s subsolar metallicity, and
the observational uncertainties, we may just state that 31 Com is
near the onset of Li dilution.

5. Doppler imaging

5.1. Method and assumptions

Doppler imaging is an inverse problem that amounts to solving
the integral equation relating the surface temperature distribution
to the observed line profiles while controlling the effects of noise
in the data through a regularizing functional (e.g. Piskunov &
Rice 1993). For 31 Com, we employ our new Doppler-imaging
code iMAP (Carroll et al. 2007) coupled with a data de-noising
method based on a principal component analysis (PCA) as im-
plemented by Carroll et al. (2009) and Kopf et al. (2009). In
this approach a set of local line profiles is decomposed into
their respective eigenspectra and an artificial neural network is
trained to approximate the non-linear mapping between atmo-
spheric parameters and principal components. A total of 1487 in-
dividual spectral lines in the wavelength range 480–860 nm
were used for the de-noising of the 31 Comae time series of
three selected spectral lines; Fe i 549.7516 nm (excitation en-
ergy of 1.011 eV, transition probability log g f = −2.849), Fe i
641.1659 m (3.654 eV, log g f = −0.595), and Ca i 643.9075 nm

(2.526 eV, log g f = +0.47). Only lines with a residual depth of
greater than 0.2 with respect to the continuum are selected.

The basic free parameter of our PCA de-noising method is
the number of principal components. No strict rule can be given
for the choice of this value but we followed the strategy laid
out in Martínez González et al. (2008). The procedure suggests
9 components for the Fe i 549.7-nm and Ca i 643.9-nm profiles
and 15 components for Fe i 641.1 nm. Blending line lists for
the three main mapping lines were extracted from VALD (see
Heiter et al. 2007). The full spectrum was then synthesized in the
range from −6 to +6 Å around the line center of the three main
mapping lines using the program spectrum (Gray 2000). In the
case of Fe i 5497 there is a total of 46 blends including some
weak molecular lines, mostly from TiO and VO. The inversion is
performed from the central 3 Å on the basis of a 6◦ × 6◦ surface
grid, while the radiative transfer calculations are done with a
2◦ × 2◦ grid.

A grid of model atmospheres with temperatures between
Teff = 3750 K and 6750 K in steps of 250 K and fixed
log g = 3.5 were taken from the ATLAS9 CD (Kurucz 1993).
For each model atmosphere local line profiles were computed
under the assumption of solar abundances and a microturbulence
of 1.7 km s−1 according to the analysis of Gray et al. (2001a).
Note that the model atmospheres themselves are based on a mi-
croturbulence of 2 km s−1. Gray (1989) gives a typical radial-
tangential macroturbulence velocity of 5 km s−1 for a G0 giant
which we also adopted here.

5.2. Data

STELLA observed 31 Com 37 times on 11 consecutive nights in
March 10–22, 2008. Two nights were lost due to bad weather.
An integration time of 800s resulted in S/N ratios between
180–300:1 depending on atmospheric conditions and target hour
angle. The PCA line profiles reach S/N ratios of 1100:1 (gain
factor of 7.5). These spectra are phase folded with the ephemeris

HJD = 2 450 000+ 6.761 × E , (2)

where the zero epoch is arbitrary and the period is our pe-
riod from the radial-velocity variations (Sect. 3.4.2) because it
seems better established than the photometric periods. As for the
MOST data we combined two consecutive stellar rotations under
the assumption that the intrinsic stellar surface structure did not
change. Although a risky assumption it is the only way to gain
full phase coverage without significant phase gaps. Simulations
had shown that the ambiguities in the recovery induced by phase
gaps can be of much larger scale than small intrinsic changes
(Rice & Strassmeier 2000). Their smearing within the line pro-
files due to the finite integration time is negligible for 31 Com
though.

Bumps in the absorption line profiles of 31 Comae were al-
ready noticed in our few CFHT spectra in 1993 (Strassmeier
et al. (1994). In 31 Com, these bumps appear two to three times
weaker when compared to line profiles of spotted RS CVn stars
and barely reach 1% of the continuum. This is due to the combi-
nation of the high photospheric temperature that gives less con-
trast to cool spots and the large line broadening that makes the
profile prone to blending. Doppler imaging of 31 Com is there-
fore challenging.
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Fig. 8. Orthographic temperature Doppler images of 31 Com inverted, from top to bottom, from a) the Fe i 549.7-nm line, b) Fe i 641.1 nm, c)
Ca i 643.9 nm. A total of 1487 spectral lines were used to denoise the individual spectral lines. The color code represents temperature as indicated.
A cool polar cap is reconstructed from all lines with an average temperature difference with respect to the effective temperature of 1600 K.
Several small warm features, also with respect to the effective temperature, were reconstructed at low to mid-equatorial latitudes. Due to the large
inclination of the rotational axis of ≈80◦, the reconstructed polar spot must not be exclusively at the one visible rotational pole but might be more
symmetric and could also cover the other (mostly) hidden pole.

5.3. Results

The error function evaluated during the inversion is defined as

E =
1

(n − 1)

∑

φ

∑

λ

(O − C)2, (3)

with φ = 35 rotation phases and λ wavelength points per line
profile (n = 241 for the Fe i 549.7-nm line and n = 281 for
the Ca i 643.9 and Fe i 641.1 lines, respectively). This num-
ber of data points is such that the problem is essentially over-
determined and the least-squares fit predominates. We have
3.7 times as many profile points in total as we have pixels (2592)
visible on the surface. Note that the pixel size is 6◦ × 6◦. The fit-
ting errors after 29 iterations on average were ∼1 × 10−5 for Fe i
549.7 nm, ∼8 × 10−5 for Ca i 643.9 nm, and ∼8 × 10−6 for Fe i
641.1 nm, corresponding to S/N ratios between 316–354. The
ideal fit would be achieved with a S/N ratio that matches the
S/N ratio of the de-noised time series, i.e. on average 1100:1. As
this is by far not achievable indicates that most of the remaining
noise is not photon noise but of external origin, as discussed in
Rice & Strassmeier (2000).

Figure 8 shows the PCA reconstructed surface images from
Fe i 549.7 nm, Fe i 641.1 nm and Ca i 643.9 nm. The line-profile
fits are shown in Fig. 9. The final images were reconstructed with

a fixed inclination of the stellar rotational axis of 80◦, i.e. close
to equator-on. Such an inclination causes intrinsic problems for
Doppler imaging because the algorithm cannot uniquely decide
to which hemisphere it must assign the spots. This “mirroring
effect” is well known in Doppler imaging and had been docu-
mented and simulated in the past (e.g. Vogt et al. 1987; Piskunov
& Wehlau 1994; Rice & Strassmeier 2000). We cannot bypass it
and must keep it in mind when interpreting the images. For ex-
ample, the mirroring effect would contribute to a second polar
spot and therefore allows no conclusion on whether there is in-
deed a second polar spot or not. Fortunately, Doppler images
become rather insensitive to the actual choice of the inclination
once i ≥ 70◦.

Surprisingly, all spectral lines are reconstructed with a cool
polar cap-like spot reaching down to mid latitudes of ≈60◦.
Additionally, warmer features appear grouped along an equa-
torial band of ±30◦ from the equator. The polar feature appears
also structured in temperature and quite asymmetric. The fea-
tures themselves are a solid reconstruction from the data but we
could not say whether only one hemisphere has a polar spot or
indeed both as indicated. The average spot temperature is recon-
structed consistently from all spectral lines to be near 4050 K,
i.e. ≈1600 K cooler than the stellar effective temperature. The
bright equatorial features are near 6000 K, and thus ≈300–400 K
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Fig. 9. Line profile fits. a) for the Fe i 549.7-nm line, b) the Fe i
641.1 nm, and c) for the Ca i 643.9 nm line. The full lines are the fits
and the dashed lines are the PCA-denoised observations. The numbers
on the right side indicate rotational phase according to the ephemeris in
Eq. (2).

warmer than the effective temperature. Such a temperature dif-
ference is significant for our mapping technique and the given
quality of the PCA spectra (Kopf et al. 2009) but the location
of the strongest of these features is located along an isoradial
line with the equatorial cool spot at phase ≈0.p4 and therefore
bears the chance to be an artifact. We note though that the recon-
struction from the strong Ca i line required a warm spot on the
same surface location where the reconstruction from the other
two lines recovered a cool spot and thus indicates that we may
have resolved a chromospheric component in Ca i.

6. Discussion

Our Doppler images recovered a large cool polar spot and sev-
eral small warm spots on the equator at the same time. The pure
existence of a large polar spot is indeed puzzling for a star of that
mass and size of the convective envelope. Because if flux tubes
were located in a sub-adiabatic layer they would surface along
a Coriolis-force dominated locus. A predicted thickness of the
convective envelope of just 20% (MESA code3; Paxton et al.
2010) is simply not sufficient for a significant deflection from
radial direction. Therefore, flux tubes, if present at all, would
surface at almost exactly the same latitude where they are being
brought out of equilibrium and become buoyant (e.g. Schüssler
& Solanki 1992; Granzer et al. 2000). How they could even ap-
pear at the rotational pole remains to be explained. This leaves us
with at least two very different interpretations. Firstly, either the
flux tubes are generated already at the poles or were swapped up
to the poles by a hypothetic, superstrong pole-ward meridional
circulation (Holzwarth et al. 2007) or, secondly, the magnetic
field that makes up the large polar cap is not of dynamo origin
but of fossil origin like in Ap stars (e.g. Mathys 2007). The mass
of 2.6 M� and the solid argument that 31 Com was a very rapidly
rotating B9-A0 star on the main sequence favors the latter inter-
pretation.

Magnetic field measurements of evolved, early G giants are
not only rare but also yielded comparably low field strengths

3 http://mesa.sourceforge.ne

(compared to late G giants). Hubrig et al. (1994) obtained a
mean longitudinal component of the magnetic field of 49 ± 6 G
on one night for the G1II bright giant ε Leo, while Plachinda
(2005) obtained no statistically significant field strengths at all
for α Aqr (G2Ib) and β Aqr (G0Ib). Just recently, Auriére et
al. (2008) measured a mean longitudinal field strength of be-
tween 20–100 G on the single G8 subgiant HR 1362 = EK Eri.
They infer a mean surface magnetic field of 270 G from this.
Although also a (late) G giant, EK Eri is different from 31 Com
because it is significantly less massive and it has already ar-
rived at the end of the Hertzsprung gap where it became a very
slow rotator now with a period of possibly 618 days (Dall et al.
2010). Nevertheless, the large-scale magnetic field was found to
be dominated by a poloidal component, which is at least sugges-
tive that this also may be the case for 31 Com.

A fossil magnetic field in the pre-main sequence stage has
likely a decisive impact on the overall angular momentum with
which the star appears on the ZAMS. Numerical simulations
of pre main-sequence A stars show that the shrinking convec-
tive envelope pushes its magnetic field into the radiative core by
turbulent pumping (e.g. Arlt 2009). At that time the magnetic
quadrupole and non-axisymmetric modes already dominate the
total magnetic energy. The field is then expected to enforce in-
ternal rigid rotation and the accompanying angular momentum
rearrangement eventually leads to a rapidly rotating surface and
a dredge up of, e.g., fresh lithium. This scenario is backed up
by the observation that Li-rich early F giants are usually also
rapidly rotating (Jasniewicz et al. 2006). When the star evolves
across the Hertzsprung gap it will again develop a convective
envelope and then start to dilute its surface lithium, as is also
backed up by observations (de Laverny et al. 2003). To explain
the Li dip, e.g., in the Hyades F dwarfs, Böhm-Vitense (2004)
invokes a deep mixing process while the increase of the Li dip
with age is suggested to be due to the decay of the fossil field.
Recent measurements of the magnetic field of Ap stars in open
clusters showed rms fields larger than about 1kG only when they
are near the ZAMS (Landstreet et al. 2008). The time scale on
which these large fields disappear varies strongly with mass, but
was found to be about 250 Myr for 2–3 M� stars. It supports the
picture that 31 Com was already a magnetic star when on the
main sequence.

On the contrary, for the Sun we have abundant evidence that
the surface magnetic field and Ca ii, UV and X-ray emission are
all well correlated (see Schrijver & Zwaan 2000, and references
therein). The observation of X-ray emission and UV emission
lines usually indicates a magnetically active star powered by a
classical αΩ interface dynamo. As 31 Com is a strong X-ray
emitter with coronal loops peaking at a temperature near 107 K
(Scelsi et al. 2004) and with super rotationally broadened UV
lines suggesting transient explosive activity in the chromosphere
and transition region (Ayres et al. 2007), the question appears
how could these be provided by a fossil predominantly poloidal
magnetic field?

The Rossby number, Prot/τc, has been accepted as indicat-
ing the efficiency of a classical dynamo, its convective turn-over
time, τc, remains an elusive parameter though. It describes the
ratio of a characteristic length of convection to a characteristic
velocity, �/u, and is either determined theoretically (e.g. Kim &
Demarque 1996) or semi-empirically (e.g. Pizzolato et al. 2003).
For 31 Com it was given by Gondoin (2005) as 50 days based on
evolutionary calculations for a 2.2-M� star with an effective tem-
perature of 5320 K. Thus, much longer than the rotational period
measured. It would give a Rossby number of 0.13 and, according
to the criterium of Durney & Latour (1978), be by far sufficient
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Fig. 10. The convective turn-over time, τc, in seconds as a function of
depth in the convection zone of 31 Com. The adopted stellar model and
its rotation period match our values in Table 5. Note that the depth of
the convective envelope is 20% and the average turn-over time ≈5 days.

to run an effective dynamo. We use the differential-rotation code
of Küker & Stix (2001) to recompute τc as a function of depth
based on its description through the pressure scale height, Hp,
and the classical mixing length, α. The characteristic convective
length is defined as � = α Hp, with α = 2. In the case of a
fast rotator, the convective heat flux is no longer aligned with
the temperature gradient and tilts towards the rotational axis. It
then creates a horizontal heat flux from the equator to the poles
(Küker & Rüdiger 2008). Figure 10 shows the turn-over time for
31 Com plotted versus the fractional stellar radius. The depth
of the convection zone for a rotating 5660-K giant is predicted
to be 20% of the stellar radius and the average turn-over time
approximately five days. The Rossby number is then above or
near unity and an efficient dynamo would not be expected. We
note that if 31 Com were a much slower rotator, say with a pe-
riod of 700 days, the average turn-over time would be longer by
approximately a factor two.

The puzzle can be resolved naturally when we assume that
both types of magnetic field are present at the same time,
i.e. a fossil, predominantly axisymmetric poloidal, field and
a dynamo-generated, presumably non-axisymmetric equatorial,
field. Then, the fossil field could be linked to the cool po-
lar spot while the dynamo-generated field, based on a classi-
cal advection-driven dynamo in the convective envelope, would
cause the equatorial warm spots and also the loops hosting the
bulk of UV and X-ray emission. One could further speculate that
the convective core of 31 Com also runs a dynamo and that it in-
teracts with the fossil field that resides in the radiative zone be-
tween the (convective) core and the shallow surface convection
layer. Just recently, Featherstone et al. (2009) has demonstrated
that the existence of a fossil field may induce a core dynamo
to transit to such a strong-field dynamo at the edge of the con-
vection zone. The induced field strengths may even be strong
enough to cause flux emergence to the surface and then pos-
sibly may explain the observed polar spot. Such a spot could
even manifest a new species in the zoo of starspots, not di-
rectly related to sunspots anymore (for a comparison see, e.g.,
Strassmeier 2009). The role of the magneto rotational instability
and its relation to meridional circulation and differential rotation
is yet to be considered and understood though and any conclu-
sions just preliminary (see, e.g., Küker 2009).

7. Summary and conclusions
We have obtained the rotation period and other astrophysical
parameters of the active G0 Hertzsprung-gap giant 31 Comae.
The star appears to have just started its rotational braking phase

towards the RGB. The rotation period of a Hertzsprung-gap gi-
ant constitutes an important constraint for models of the evo-
lution of the angular momentum, the internal differential rota-
tion and in particular for the mixing processes of light elements
below the photosphere. It is also a crucial ingredient enabling
Doppler imaging of stellar surface structure from spectral line
profiles.

We conducted and analyzed photometric measurements from
an 11-day campaign with the MOST satellite and found, for the
first time, clear photometric variations with a likely period of
either 3.38 days or 6.80 ± 0.06 days. This period is confirmed
by our ground-based APT Strömgren data despite its signifi-
cance alone being questionable due to the very small ampli-
tudes at the mmag level. Precise radial velocities from high-
resolution echelle spectra were acquired over the course of two
years with the STELLA robotic telescope as an independent data
source. This revealed radial velocity variations with a period of
6.76 ± 0.02 days and a full amplitude of 270 m s−1 that we in-
terpret to be the rotation period of the star. Together with the
6.80-day MOST white-light period and the ≈7.0-day APT pho-
tometric period, we are confident that we have found the true
stellar rotation period. No other long-term velocity variations
above the external precision of our spectra of ≈100 m s−1 (rms)
were detected and we conclude that the star is indeed single.

Our Doppler images recovered a large cool polar spot. This
is puzzling because, at the given location of 31 Com in the H-
R diagram, the predicted depth of the convective envelope is
less than 20% of the stellar radius. Such a thin layer does not
provide the volume to deflect flux tubes from an equatorial or
mid-latitude sub-adiabatic layer beneath the convective envelope
to the polar surface, according to models by, e.g., Schüssler &
Solanki (1992). We suggest that the underlying magnetic field
near the rotational poles is not of a classical, envelope-dynamo
origin but is of fossil origin and thus a remnant of a strong mag-
netic field from the star’s main sequence years. It implies that
we have mapped the atmospheric interaction with an axisym-
metric poloidal component of this fossil magnetic field, resem-
bling a dipole aligned with the rotational axis. Alternatively, the
surface field at the poles could be made up of flux tubes that
stem from a core dynamo that interacted with the fossil field
and then got strong enough to become buoyant and traversed a
much larger region of the star. On the contrary, the small and
warmer features observed at equatorial latitudes are likely facu-
lae as we know them from the solar analogy, suggesting a clas-
sical envelope-dynamo origin. It must be these faculae that also
dominated the white light curve of our MOST photometry. We
suggest that these faculae, together with the UV and X-ray emis-
sion, are caused by a classical envelope-interface dynamo that is
predominantly bound to low-latitude regions.
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