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ABSTRACT
We have carried out a multisite campaign to measure oscillations in the F5 star Procyon A. We obtained highprecision velocity observations over more than three weeks with 11 telescopes, with almost continuous coverage for
the central 10 days. This represents the most extensive campaign so far organized on any solar-type oscillator. We
describe in detail the methods we used for processing and combining the data. These involved calculating weights for
the velocity time series from the measurement uncertainties and adjusting them in order to minimize the noise level of
the combined data. The time series of velocities for Procyon shows the clear signature of oscillations, with a plateau
of excess power that is centered at 0.9 mHz and is broader than has been seen for other stars. The mean amplitude of
the radial modes is 38:1  1:3 cm s1 (2.0 times solar), which is consistent with previous detections from the ground
and by the WIRE spacecraft, and also with the upper limit set by the MOST spacecraft. The variation of the amplitude
during the observing campaign allows us to estimate the mode lifetime to be 1:5þ1:9
0:8 days. We also find a slow variation in the radial velocity of Procyon, with good agreement between different telescopes. These variations are remarkably similar to those seen in the Sun, and we interpret them as being due to rotational modulation from active
regions on the stellar surface. The variations appear to have a period of about 10 days, which presumably equals the
stellar rotation period or, perhaps, half of it. The amount of power in these slow variations indicates that the fractional
area of Procyon covered by active regions is slightly higher than for the Sun.
Subject headingg
s: stars: individual ( Procyon A) — stars: oscillations
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121, 91405 Orsay cedex, France; thierry.appourchaux@ias.u-psud.fr.
22 Laboratoire Cassiopée, UMR CNRS 6202, Observatoire de la Côte d’Azur,
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TABLE 1
Participating Telescopes
Identifier

Telescope/Spectrograph

Observatory

Technique

Reference

HARPS...........................
CORALIE ......................
McDonald ......................
Lick ................................
UCLES ...........................
Okayama ........................
Tautenburg......................
SOPHIE..........................
EMILIE ..........................
SARG.............................
FIES ...............................

3.6 m/HARPS
1.2 m Euler Telescope/CORALIE
2.7 m Harlan J. Smith Tel./coudé échelle
0.6 m CAT/ Hamilton échelle
3.9 m AAT/UCLES
1.88 m/HIDES
2 m/coudé échelle
1.93 m /SOPHIE
1.52 m/EMILIE+AAA
3.58 m TNG/SARG
2.5 m NOT/ FIES

ESO, La Silla, Chile1
ESO, La Silla, Chile
McDonald Obs., Texas USA
Lick Obs., California USA
Siding Spring Obs., Australia
Okayama Obs., Japan
Karl Schwarzschild Obs., Germany
Obs. de Haute-Provence, France
Obs. de Haute-Provence, France
ORM, La Palma, Spain
ORM, La Palma, Spain

ThAr
ThAr
Iodine
Iodine
Iodine
Iodine
Iodine
ThAr
White light with iodine
Iodine
ThAr

1
2
3
4
4
5
6
7
8
9
10

1

Based on observations collected at the European Southern Observatory, La Silla, Chile ( ESO Program 078.D-0492 [A]).
References.—(1) Rupprecht et al. 2004; (2) Bouchy & Carrier 2002; (3) Endl et al. 2005; (4) Butler et al. 1996; (5 ) Kambe et al. 2008; (6 ) Hatzes et al. 2003;
(7 ) Mosser et al. 2008b; (8) Bouchy et al. 2002, and J. Schmitt 2008, private communication; (9) Claudi et al. 2005; (10) Frandsen & Lindberg 2000.

1. INTRODUCTION

2. VELOCITY OBSERVATIONS

Measuring solar-like oscillations in main-sequence and subgiant stars requires high-precision observations—either with
spectroscopy or photometry—combined with coverage that is
as continuous as possible. Most of the results have come from
high-precision Doppler measurements using ground-based spectrographs, while measurements from spacecraft have also been reported (see Bedding & Kjeldsen [2007] and Aerts et al. [2008] for
recent summaries).
Procyon has long been a favorite target for oscillation searches.
At least eight separate velocity studies have reported an excess
in the power spectrum, beginning with that by Brown et al.
(1991), which was the first report of a solar-like power excess
in another star. For the most recent examples, see Martić et al.
(2004), Eggenberger et al. (2004), Bouchy et al. (2004), and
Leccia et al. (2007). These studies agreed on the location of the
excess power (around 0.5Y1.5 mHz), but they disagreed on the
individual oscillation frequencies. However, a consensus has
emerged that the large separation (the frequency separation between consecutive overtone modes of a given angular degree) is
about 55 Hz. Evidence for this value was first given by Mosser
et al. (1998) and the first clear detection was made by Martić et al.
(1999).
Controversy was generated when photometric observations obtained with the Microvariability and Oscillations of Stars (MOST )
satellite failed to reveal evidence for oscillations ( Matthews et al.
2004; Guenther et al. 2007; Baudin et al. 2008). However,
Bedding et al. (2005) argued that the MOST nondetection was
consistent with the ground-based data. Meanwhile, Régulo & Roca
Cortés (2005) suggested that the signature of oscillations is indeed
present in the MOST data at a low level (see also Marchenko 2008).
Using space-based photometry with the Wide Field Infrared Explorer (WIRE ) satellite, Bruntt et al. (2005) extracted parameters
for the stellar granulation and found evidence for an excess due to
oscillations.
All published velocity observations of Procyon have been made
from a single site, with the exception of two-site observations by
Martić et al. (2004). Here we describe a multisite campaign on
Procyon carried out in 2007 January, which was the most extensive velocity campaign so far organized on any solar-type oscillator. The only other comparable effort to measure oscillations in
this type of star was the multisite photometric campaign of the
open cluster M67 (Gilliland et al. 1993).

We observed Procyon from 2006 December 28 until 2007
January 23, using a total of 11 telescopes at eight observatories.
These are listed in Table 1, ordered westward by longitude. Note
that the FIES spectrograph on the Nordic Optical Telescope was
still being commissioned during the observations and the velocity
precision is therefore somewhat lower than for the other telescopes.
The team members from each telescope were responsible for
producing a velocity time series from the observations, together
with estimates of uncertainties. In six of the spectrographs, the
stellar light was passed through an iodine absorption cell to provide a stable wavelength reference. In four others, wavelength
calibration was achieved by recording the spectrum from a thoriumargon emission lamp alongside the stellar spectrum, while with
EMILIE, exposures of the stellar spectrum were alternated with
those of a white-light source passing through an iodine cell. Details of the methods used with each spectrograph are given in the
references listed in Table 1 and details of the observations are
given in Table 2.
The velocity time series of Procyon is shown in Figure 1a,
using a different color for each telescope. Differences between
telescopes in the absolute zero point of velocity are not significant, and so all the curves have been shifted into alignment by
subtracting a constant offset. This was done by setting the velocities from each telescope to have zero mean, excepting Lick and
SARG, for which better alignment was achieved by setting the
means to 6 and 5 m s1, respectively. Note that EMILIE is not
shown in Figure 1a because those data were referenced to a different value on each night and so the night-to-night variations are not
measurable (this does not affect their usefulness for oscillations
studies, however). FIES is also not shown in Figure 1a because it
has much greater scatter than the rest.
In Figure 1a we see variations in the radial velocity of Procyon
on timescales of days. The good agreement between the different
telescopes indicates that these slow variations have a stellar origin,
although the imperfect match in overlapping sections shows that
there is also a contribution from instrumental drifts. Figure 1b
shows a close-up of the central part of the campaign, during
which the coverage was above 90%. The solid curve shows the
velocities after smoothing, to better reveal the slow variations,
which are discussed in x 4.1 below.
While interesting in their own right, the slow variations in the
velocity series significantly affect our ability to detect oscillations,
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TABLE 2
Summary of Observations

Identifier

Nights Allocated

Eff. Obs. Time
( hr)

Spectra

Median texp
(s)

Deadtime
(s)

f Nyq
(mHz)

Noise Level
(cm s1)

Noise per Minute
(m s1)

HARPS.......................
CORALIE ..................
McDonald ..................
Lick ............................
UCLES .......................
Okayama ....................
Tautenburg..................
SOPHIE......................
EMILIE ......................
SARG.........................
FIES ...........................

8
6
6
14
12
20
21
9
4
4
10 ; 1/2

52.0
27.0
16.2
95.4
41.4
83.4
14.6
35.1
25.7
15.2
12.6

5698
936
1719
1900
2451
1997
494
3924
1631
693
1087

5
40
17
180
16
54
60
23
47
19
18

31
85
15
54
45
110
65
28
17
65
45

13.8
4.0
15.6
2.1
8.2
3.1
4.0
9.7
7.8
5.9
7.9

2.0
9.8
14.4
10.9
6.6
8.0
22.8
4.7
10.1
12.6
21.7

0.64
2.2
2.5
4.7
1.9
3.2
3.8
1.2
2.2
2.1
3.4

due to spectral leakage of power from the low-frequency part of
the spectrum to the oscillation region at higher frequencies. Before
merging the data from the individual telescopes, we therefore removed the low-frequency variations from the velocity series.
This was done for each telescope by removing all the power below 280 Hz, a value that was chosen so as to effectively remove
the slow variations without affecting the oscillation signal. This
filtering was done by subtracting a smoothed version of the time
series that contained all the power below that cutoff frequency.
In Figure 1c we show a close-up of a segment during which
three spectrographs were observing simultaneously. The stellar oscillations are clearly visible, with typical periods of about
15 minutes, and there is good agreement between the different
telescopes. Note that these data have been filtered to remove the
slow variations.
3. OPTIMIZING THE WEIGHTS
The procedures for extracting velocities for each telescope also
produced estimates of the uncertainties, i . In our analysis, we
used these uncertainties to calculate noise-optimized weights
in the usual way, namely wi ¼ 1/i2. If weights are not used
when calculating the power spectrum, a few bad data points can
dominate and increase the noise floor significantly.
We now describe the process we used to adjust these weights,
which aims to minimize the noise level in the final power spectrum. The procedure involves identifying and revising those uncertainties that were too optimistic, and at the same time rescaling
the uncertainties to be in agreement with the actual noise levels in
the data. These methods have already been described in previous
papers (Butler et al. 2004; Bedding et al. 2007; Leccia et al. 2007),
but the present analysis differs slightly from those descriptions and
we will therefore describe them in some detail. One difference is
that the analysis had to be tailored to the individual time series because of the large range of Nyquist frequencies (see Table 2).
To illustrate the process, we show in Figures 2 and 3 segments of
data at different stages in the process for two telescopes (HARPS
and EMILIE). The top panels (Figs. 2a and 3a) show the velocities
for a single night, with the slow variations removed. The remaining
panels show the uncertainties at different stages in the analysis.
It is important to stress that we are not adjusting the velocities,
only the uncertainties. Of course, those adjustments still affect the
power spectrum of the velocities (which is, after all, why we are
making the adjustments) and so it is important to ensure that they
do not distort the oscillation signal and that the final weights reflect as accurately as possible the actual noise properties of the
series.

3.1. Scaling the Uncertainties
We have scaled the uncertainties so that they agree with the
noise level in the corresponding amplitude spectrum, amp , as
measured at high frequencies. This was done for each night and
each telescope by multiplying the uncertainties, i , by a constant
so that they satisfied equation (3) of Butler et al. (2004):
2
amp

N
X

2
i ¼ :

ð1Þ

i¼1

This scaling was repeated after each step in the process described
below. Figures 2b and 3b show the uncertainties after scaling, and
before any further adjustments.
3.2. Filtering the Uncertainties
It is clear that the uncertainties in some parts of the time series
show variations that correlate with the oscillations of Procyon.
The clearest example is HARPS, as shown by comparing the top
two panels of Figure 2, but the effect is also visible for other telescopes (e.g., Fig. 3). To remove this structure in the uncertainties, we have bandpass-filtered each of the uncertainty time series
to remove all power in the frequency range 280Y2200 Hz. This
removed fluctuations in the weights on the timescale of the stellar
oscillations, while retaining information on longer timescales
(such as poorer conditions at the beginnings and ends of nights)
and on shorter timescales (such as individual bad data points).
This process resulted in slightly lower noise levels in the final
power spectra for some of the individual telescopes, reflecting
the fact that the uncertainties, like any measurement, contain noise
that is reduced by bandpass filtering. Figures 2c and 3c show the
uncertainties after filtering.
We also noticed a few data points (10) with unrealistically
low uncertainties. These points would be given too high a weight
in the analysis and the uncertainties were therefore reset to the
mean uncertainty for that telescope night.
3.3. Down-weighting Bad Data Points
Down-weighting of bad data points was done following the
method described by Butler et al. (2004), with one difference that
is discussed below. The first step was to make a high-pass-filtered
version of the velocity time series in which both the slow variations and the stellar oscillations were removed. This gave us a
series of residual velocities, ri , in which we could identify data
points that needed to be down weighted, without being affected
by spectral leakage from the oscillations. The frequency limit of

Fig. 1.—Velocity measurements of Procyon, color coded as follows. HARPS: red; CORALIE: brown; McDonald: gray; Lick: cyan; UCLES: blue; Okayama: green;
Tautenburg: black; SOPHIE: dark green; SARG: dark blue; FIES: magenta; EMILIE: yellow. (a) Full time series, before any removal of slow trends ( EMILIE and FIES
are not shown). (b) Close-up of the central 10 days ( FIES not shown). (c) Close-up of a 5 hr segment during which three spectrographs observed simultaneously: HARPS
(red circles), SOPHIE (dark green squares), and SARG (dark blue triangles). All three series have been high-pass filtered to remove slow trends and the SOPHIE and SARG
data have been smoothed slightly (using a boxcar with a width of three data points). (d) Time series of the final noise-optimized uncertainties, showing all 11 telescopes.
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Fig. 2.—Steps in the adjustments of weights, illustrated using HARPS data from a single night. (a) Velocities, with the slow variations removed. (b) Uncertainties,
after scaling to satisfy eq. (1) but before any further adjustments. (c) Uncertainties after filtering to remove power on the timescale of the oscillations. (d ) Final uncertainties, after adjusting to optimize the noise (see text).

this high-pass filter varied from telescope to telescope, depending
on the Nyquist frequency of the data.
We compared the velocity residuals, ri , with the corresponding uncertainty estimates, i . Bad data points are those for which
the ratio jri /i j is large, i.e., where the residual velocity deviates
from zero by more than expected from the uncertainty estimate.
Butler et al. (2004), who analyzed data similar to ours, found that
the fraction of good data points was essentially unity up to
jri /i j ¼ 2 and then dropped off quickly for larger values of jri /i j;
see Figure 3 of Butler et al. (2004). They therefore introduced the
factor f, which is the fraction of good data points as a function of
jri /i j and which they obtained as the ratio between the distribution of data points in a cumulative histogram of jri /i j and a bestfit Gaussian distribution.
We used a slightly different approach. With the knowledge that
points with large values of jri /i j are bad, we introduced an analytical function
f (xi ) ¼

1
1 þ ðxi =x0 Þ10

;

xi ¼ jri =i j;

ð2Þ

which has shape very similar to the fraction f as a function of
jri /i j in Butler et al. (2004). The adjustable parameter x0 controls the amount of down weighting; it sets the value of jri /i j
for which the weights are multiplied by 0.5, and so it determines
how bad a data point should be before it is down weighted. The
optimum choice for x0 was found through iteration, as described
below. Once this was done, we used f (xi ) to adjust the weights
by dividing i by ( f ½xi )1/2, as in Butler et al. (2004).
The noise level used for optimizing x0 was measured in a frequency band near 2 mHz in a weighted amplitude spectrum, between the oscillations and the high-frequency part of the spectrum
used for determining the jri /i j values. The exact position of the
band was chosen for each spectrograph separately, because of the
differences in Nyquist frequencies. For each trial value of x0 ,
the noise level was determined from a time series in which all
power had been removed at both the low- and high-frequency
side of the frequency band, i.e., from a bandpass-filtered time
series containing information in the specific frequency band only.
This was done because applying the weights changes the spectral
window function and thus the amount of spectral leakage into the
frequency band where we determine the noise: if we did not filter
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Fig. 3.—Same as Fig. 2, but for a single night from EMILIE.

out the oscillations and the high-frequency part of the spectrum,
we would optimize for a combination of low noise and minimum
amount of spectral leakage (from both the low- and high-frequency
side of the passband). In other words, the spectral window function
would influence our choice of x0 , which is not optimal for obtaining the lowest possible noise level.
The procedure described above was repeated for a range of x 0
values and we chose the one that resulted in the lowest noise in
the power spectrum. Depending on the telescope, and hence the
noise properties of the time series, the optimal values of x 0 ranged
from 1.7 to 4.3. Figures 2d and 3d show the final uncertainties for
HARPS and EMILIE.
This completes our description of the process used to adjust the
uncertainties. The results from calculating weighted power spectra using these uncertainties are presented in x 4.2. First, however,
we discuss the slow variations in the velocity of Procyon that are
present in our data.
4. RESULTS
4.1. Slow Variations in Stellar Velocity
The slow variations in the radial velocity of Procyon seen in
Figure 1 are remarkably similar to those seen in the Sun. This can
be seen from Figure 4, which shows a typical time series of solar

velocity measurements made with the GOLF instrument on the
SOHO spacecraft ( Ulrich et al. 2000; Garcı́a et al. 2005). Longer
series of GOLF data show variations with a period of about
13 days arising from active regions crossing the solar disk (Fig. 11
in Garcı́a et al. 2005; see also B. Tingley et al. 2008, in preparation). This 13 day periodicity in solar velocities was first observed
by Claverie et al. (1982), who attributed it to rapid rotation of the
core, but it was subsequently shown to be due to surface rotation
of active regions (Durrant & Schröter 1983; Andersen & Maltby
1983; Edmunds & Gough 1983). Similarly, we attribute the slow
variations in the radial velocity of Procyon to the appearance and
disappearance of active regions and their rotation across the stellar
disk. This explanation was also invoked by Mosser et al. (2005) to
explain much larger velocity variations measured with HARPS
for the COROT target HR 2530 (HD 49933; spectral type F5 V).
The slow variations in Procyon appear to have a period of
Pslow ¼ 10:3  0:5 days, as measured from the highest peak in
the power spectrum. This agrees with an apparent periodicity of
about 10 days in two-site observations of Procyon obtained over
20 nights by Kambe et al. (2008; see their Fig. 12). Identifying
this as the stellar rotation period and using a radius of 2.05 R
( Kervella et al. 2004) implies a surface rotational speed at the
equator of v ¼ 10  0:5 km s1. The measured value of Pslow
might also correspond to half the rotation period (Clarke 2003),
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Fig. 4.—Time series of velocity measurements of the Sun obtained over 21 days with the GOLF instrument on the SOHO spacecraft.

in which case the rotational speed would be half the value
given above. Combining with the spectroscopic value of v sin i ¼
3:16  0:50 km s1 (Allende Prieto et al. 2002) gives an inclination angle of i ¼ 18  3 (if Prot ¼ Pslow ) and i ¼ 39  7 (if
Prot ¼ 2Pslow ). The inclination of the binary orbit is 31:1  0:6
(Girard et al. 2000) and so, if we require that the rotation axis of
Procyon is aligned with the orbital rotation axis, it may be that
Prot ¼ 2Pslow .
4.2. Power Spectra and Stellar Activity
The weighted power spectrum for each telescope and for the
combined time series, based on the uncertainties discussed in x 3,
are shown in Figure 5. The noise levels, as measured at high frequencies in the amplitude spectrum (amp ), are given in the eighth
column of Table 2. The final column of that table gives the mean
noise level per minute of observing time, with a spread that reflects
a combination of factors, including telescope aperture, observing
duty cycle, and spectrograph design, as well as atmospheric conditions such as seeing.
The power spectrum of the combined time series is shown
again in Figure 6, both with and without the use of weights. As is
well established, using weights reduces the noise level significantly, at the cost of increasing the sidelobes in the spectral window ( because the best data segments are given more weight; see
insets). When weights are used, the noise level above 3 mHz is
1.9 cm s1 in amplitude, but this does include some degree of
spectral leakage from the oscillations. If we high-pass filter the
spectrum up to 3 mHz, the noise level drops to 1.5 cm s1 in amplitude. Note that without the use of weights, the noise level is
higher by more than a factor of 2.
Looking again at Figure 6, we see that the use of weights appears to have increased the amplitude of the oscillations. In fact,
this indicates the finite lifetime of the oscillation modes: in Figure 6b the HARPS data are given the highest weight, and so the
effective duration of the observations is decreased (and the sidelobes in the spectral window become much stronger). Our estimate of the mode lifetime is given in x 4.3.
It is also useful to convert to power density, which is independent of the observing window and therefore allows us to compare noise levels. This is done by multiplying the power spectrum
by the effective length of the observing run, which we calculate as
the reciprocal of the area integrated under the spectral window (in
power). The values for the different telescopes are given in the
third column of Table 2. In Figure 7 we show the power density
spectrum on a logarithmic scale for the HARPS data, which has

the lowest noise per minute of observing time. We see three components: (1) the oscillations (about 300Y1100 Hz); (2) white
noise at high frequencies; and (3) a sloping background of power
at low frequencies (stellar granulation and activity, and presumably also some instrumental drift). Figure 8 compares the power
density spectra for the different telescopes. They show a similar
oscillation signal and similar background from stellar noise at
lower frequencies ( below about 250 Hz), with different levels
of white noise at higher frequencies (above about 2000 Hz),
reflecting the different levels of photon noise.
In Figure 7, the lower two dashed lines indicate the background
level in the Sun, as measured from the GOLF data during solar
minimum and maximum, respectively. The upper dashed line is
the solar maximum line shifted to match the power density of
Procyon, which required multiplying by a factor of 40. We can
use this scaling factor to estimate the fraction of Procyon’s surface
that is covered by active regions, relative to the Sun, as follows.
The low-frequency part of the velocity power-density spectrum
from the Sun falls off as frequency squared (Harvey 1985; Pallé
et al. 1999), and we see the same behavior for Procyon. Hence, in
both cases we have
PD() /  2 :

ð3Þ

Let T be the typical time for an active region to be visible on the
surface (which may depend on both rotation and the typical lifetime of active regions). The amplitude of the velocity signal at
frequency  0 ¼ 1/T will be proportional to the fractional area
covered by active regions, da/a, and to the projected rotational
velocity, v sin i. The power density at  0 is therefore
PD(0 ) ¼ (da=a) 2 (v sin i) 2 :

ð4Þ

Combining these gives


da
PD() ¼
a

2 

v sin i
T

2

 2 :

ð5Þ

We will assume that T is proportional to the rotation period,
which we take to be 10.3 days (or twice that value) for Procyon
and 25.4 days for the Sun. The measured values for v sin i are
3.2 km s1 for Procyon (Allende Prieto et al. 2002) and 2.0 km s1
for the Sun. Combining these values with our measurement of the
power densities indicates that the area covered by active regions
on Procyon is about 1.6 times the solar maximum value (or twice

Fig. 5.—Power spectra for all 11 telescopes, together with that of the combined series. Note that the vertical scale is not the same for all panels.
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Fig. 8.—Smoothed power density spectra (see Fig. 7) for the nine telescopes
shown in Fig. 1a, showing a similar background from stellar noise at low frequencies and different levels of white noise at high frequencies. The color coding is the
same as in Fig. 1.

Fig. 6.—Final power spectrum based on the noise-optimized weights (bottom),
and also without applying the weights (top). The inset shows the spectral window.

that value). No detection of a magnetic field in Procyon has been
reported, and published upper limits imply that the average field
cannot be more than a few times solar (see Table 3 in Kim et al.
2007), which appears to be consistent with our results.
4.3. Oscillation Amplitude and Mode Lifetime
To measure the amplitude of oscillations in Procyon, we have
used the method described by Kjeldsen et al. (2008). In brief, this
involves the following steps: (1) heavily smoothing the power
spectrum ( by convolving with a Gaussian having a full width at
half-maximum of 4, where  is the large frequency separation), to produce a single hump of excess power that is insensitive to the fact that the oscillation spectrum has discrete peaks;
(2) converting to power density (see x 4.2); (3) fitting and subtracting the background noise; and (4) multiplying by /4:09 and
taking the square root, in order to convert to amplitude per radial
oscillation mode. Note that 4.09 is the effective number of modes
per order for full-disk velocities observations, normalized to the
amplitudes of radial (l ¼ 0) modes; see Kjeldsen et al. (2008) for
details.

Fig. 7.—Power density spectrum of Procyon from the HARPS data, and the
same after smoothing. The lower two dashed lines show the solar activity level at
minimum and maximum, and the upper line is the solar maximum activity shifted
upwards by a factor of 40.

We applied this method to each of the telescopes separately,
and the result is shown in Figure 9. There are significant differences between the different curves, which we attribute to intrinsic
variations in the star arising from the stochastic nature of the excitation and damping. To investigate this further, we also applied the
method to the combined time series, after first subdividing it into
10 2 day subsets. Figure 10 shows these amplitude curves and
their average.
The amplitude curve of Procyon has a broad plateau, rather
than the single peak that has been seen for other stars. Figure 11
shows the smoothed amplitude curve for Procyon compared to
the Sun and other stars. It is an updated version of Figure 8 of
Kjeldsen et al. (2008), where the following stars have been
added:  Ara ( Bouchy et al. 2005), HD 49933 ( Mosser et al.
2005),  Her (Bonanno et al. 2008),  Pav (Mosser et al. 2008a),
and  Cet (Teixeira et al. 2008).
The plateau for Procyon is centered at 900 Hz and is about
500 Hz wide, with a mean amplitude across that range of 38:1 
1:3 cm s1. This is our estimate for the amplitude of the radial
(l ¼ 0) modes in Procyon. Comparing with the corresponding
measurement for the Sun (18:7  0:7 cm s1; Kjeldsen et al.
2008) implies that the velocity oscillations in Procyon are 2:04 
0:10 times solar. In both Procyon and the Sun, the modes with
l ¼ 1 are higher by a factor of 1.35 (see Table 1 of Kjeldsen et al.
2008).
The corresponding intensity amplitude, after accounting for
the higher effective temperature of Procyon (see eq. [5] in Kjeldsen
& Bedding 1995), is 1.60 times solar. This implies an amplitude
at 500 nm of 6.8 ppm for l ¼ 0 and 8.5 ppm for l ¼ 1 (see Table 1

Fig. 9.—Smoothed amplitude curves for Procyon for 10 telescopes, using the
same color coding as Fig. 1.
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Fig. 10.—Smoothed amplitude curves for Procyon from 10 2 day segments of
the combined time series (thin lines), together with their mean (thick line).

Fig. 11.—Smoothed amplitude curves for oscillations in Procyon and other
stars.

of Kjeldsen et al. 2008). These amplitudes are completely consistent with the detection of oscillations in Procyon by WIRE (Bruntt
et al. 2005) and with the upper limit set by MOST (Matthews et al.
2004; Bedding et al. 2005).
The standard deviation of the 10 segments in Figure 10 is
A /A ¼ 10:4%  2:3%, which reflects the finite lifetime of the
modes. We can use equation (3) from Kjeldsen et al. (2008) to
estimate the mode lifetime, but we must account for the much
greater width of the oscillation envelope in Procyon. Note that
this equation was established empirically and we have confirmed
it analytically using the work of Toutain & Appourchaux (1994).
We estimate the mode lifetime to be  ¼ 1:5þ1:9
0:8 days. This equals,
within rather large uncertainties, the solar value of 2.9 days (e.g.,
Chaplin et al. 1997).

with previous detections from the ground and by the WIRE spacecraft, and also with the upper limit set by the MOST spacecraft.
The variation of the amplitude during the observing campaign
days.
allowed us to estimate the mode lifetime to be 1:5þ1:9
0:8
We also found a slow variation in the radial velocity of Procyon,
with good agreement between different telescopes. These variations
are remarkably similar to those seen in the Sun, and we interpret
them as being due to rotational modulation from active regions
on the stellar surface. The variations appear to have a period of
about 10 days, which presumably equals the stellar rotation period
or, perhaps, half of it. The amount of power in these slow variations indicates that the fractional area of Procyon that is covered
by active regions is slightly higher than for the Sun.
The excellent coverage of the observations and the high signalto-noise ratio should allow us to produce a good set of oscillation
frequencies for Procyon. This analysis will be presented in subsequent papers.

5. CONCLUSIONS
We have presented multisite velocity observations of Procyon
that we obtained with 11 telescopes over more than 3 weeks.
Combining data that spans a range of precisions and sampling
rates presents a significant challenge. When calculating the power
spectrum, it is important to use weights that are based on the measurement uncertainties, otherwise the result is dominated by the
noisiest data. We have described in detail our methods for adjusting the weights in order to minimize the noise level in the final
power spectrum.
Our velocity measurements show the clear signature of oscillations. The power spectrum shows an excess in a plateau that is
centered at 0.9 mHz and is broader than has been seen for other
solar-type stars. The mean amplitude of the radial modes is
38:1  1:3 cm s1 (2:04  0:10 times solar), which is consistent
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2007, A&A, 464, 1059
Marchenko, S. V. 2008, A&A, 479, 845
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