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���a}�v>��� � ��v ��{�vB�<��yfzBw�yfzWy^|�vx{�vxz��L~^�<{E��v {EyfzE�^vx{I��{Eyfz*hiN7��y#yfzEv �����^v>} ��}[-�v>�q{��jW'�edI�
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AB S TRACT

We present the analysis of time-resolved spectroscopy of the pulsating subdwarf B (sdB) star

PG 1605þ072. From our main observing run of 16 nights we have detected velocity

variations at five frequencies that correspond to those found in photometry. Based on these

data, there appears to be change in amplitude of the dominant modes over about a year.

However, when we include extra observations to improve the frequency resolution, we find

that some of the frequencies are split into two or three. Simulations suggest that the apparent

amplitude variation can be at least partially explained by a series of very closely spaced

frequencies around the two strongest modes. By combining observations taken over ,300 d

we conclude that some of the closely spaced modes are caused by one mode the amplitude of

which is varying, however this frequency is still within ,1mHz of an apparently stable

frequency. Because of this kind of complexity and uncertainty we advise caution when trying

to identify oscillation modes in this star.

Key words: stars: individual: PG 16051072 – stars: interiors – stars: oscillations –

subdwarfs.

1 INTRODUCTION

The discovery of pulsations in hot subdwarf B (sdB) stars

provides an excellent opportunity to probe sdB interiors using

asteroseismological analysis. While it is generally accepted that

sdBs are the field analogues of extreme horizontal branch (EHB)

stars, many questions remain about their formation and

evolution. sdB stars (like their EHB counterparts) are He-core

burning, with 20000K & Teff & 40000K and 5:2 & log g & 6:2

(Saffer et al. 1994).

D’Cruz et al. (1996) showed that one possible mechanism for

EHB (and sdB) formation is strong mass loss on the red giant

branch. They found that the mass-loss efficiency required to

produce EHB stars does not vary greatly with metallicity, which

might explain the existence of EHB stars in both metal-rich

populations (some clusters and possibly elliptical galaxies;

Dorman, Norris & Gross 1995) and metal-poor populations (e.g.,

Whitney et al. 1994). Binary interaction is one possible mechanism

for such mass loss, an idea first introduced by Mengel, Norris &

Gross (1976). Indeed, at least,60 per cent of sub-dwarfs appear to

have main-sequence companions (Allard et al. 1994; Jeffery &

Pollacco 1998).

Pulsating sdBs (also known as EC 14026 stars) typically have

periods of 100–200 s, photometric amplitudes ,10mmag, and

oscillate in p as well as possibly g modes. The pulsations are

thought to be driven by an opacity bump owing to the ionization of

heavy elements such as Fe at temperatures of ,2 £ 105K in the

sdB envelope (Charpinet et al. 1997).

Of all the known pulsating sdBs, PG 1605þ072 has the most

extreme properties, with the richest power spectrum (around 50

modes), the longest periods (up to ,550 s), and the lowest surface

gravity ðlog g , 5:25Þ (Kilkenny et al. 1999). The low gravity

implies that the star may have evolved off the EHB; this hypothesis

is supported by modelling by Kawaler (1999).

In Paper I (O’Toole et al. 2000) we reported the detection of

Doppler variations in PG 1605þ072. The dominant frequencies

detected corresponded to those found in photometry (Kilkenny

et al. 1999), and we also found evidence of a wavelength

dependence of the oscillation amplitude of the Balmer lines. In this

paper we present new radial velocity observations covering a much

longer time span. We do not confirm the wavelength dependence,

but we do see evidence for very closely spaced frequencies, similar

to the findings of Kilkenny et al. (1999). We also compare our

results with those of Woolf, Jeffery & Pollacco (2002), who

observed this star with higher signal-to-noise ratio and spectral

PBased on observations made with the Danish 1.54-m telescope at ESO, La

Silla, Chile, and on observations made with the Nordic Optical Telescope,

operated on the island of La Palma jointly by Denmark, Finland, Iceland,

Norway and Sweden in the Spanish Observatorio del Roque de Los

Muchachos of the Instituto de Astrofı́sica de Canarias.

†E-mail: otoole@physics.usyd.edu.au
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dispersion, but over a much shorter time span (see Section 7). We

will discuss equivalent width measurements from our spectra in a

future paper.

2 OBSERVATIONS

The bulk of the observations were made on 11 nights over a 16-day

period in 2000 May (see Table 1), using the DFOSC spectrograph

on the Danish 1.54-m telescope at La Silla, Chile and the ALFOSC

spectrograph mounted on the 2.56-m Nordic Optical Telescope on

La Palma in the Canary Islands. To increase the frequency

resolution of the amplitude spectrum and allow detection of very

closely spaced oscillation modes, we also obtained observations at

La Silla for about 1 hour per night in 2000March–April, before the

main run (see Table 2).

The La Silla data (March to May) consisted of single-order

spectra projected on to a 2K LORAL CCD. Pixel binning (to

reduce readout noise) and windowing (to reduce readout time) gave

66 £ 500 pixel spectra with a total wavelength range of

3650–5000 �A and a dispersion of 1.65 Å pixel21. The resolution

was ,6 Å, set by a slit width of 1.5 arcsec. The exposure time was

46 s, with a dead time of about 16 s. The average number of

photons per Å in each spectrum was about 1700. A similar setup

was used in previous observations (see Paper I).

The NOT data were similar, with 66 £ 500 binned pixels

covering a wavelength range of 3550–5000 �A. The dispersion was

1.65 Å pixel21 and the resolution was ,8 Å, set by a slit width of

1.0 arcsec. The exposure time was 50–70 s, with a dead time of

only 5 s. There was an average of about 8000 photons per Å in each

frame. The data from both telescopes were timestamped in

Modified Julian Date by the telescope computers to an accuracy of

less than one second.

3 REDUCTIONS

Bias subtraction, flat-fielding and background light subtraction

were carried out using IRAF, and 1D spectra were extracted using

an Optimal Extraction algorithm (Horne 1986). A cubic spline was

fitted to the continuum level, and the spectra were normalized to a

continuum value of unity.

The spectrum of PG1605þ072 is dominated by Balmer lines

(see Fig. 1). Also present are some weak lines from He I (e.g.,

l4471 and l4922) and He II (e.g., l4686). The Balmer lines are

ideal to determine Doppler variations. A template spectrum was

created by averaging 20 high-quality spectra from each night. By

using a different template for each night, we are effectively

applying a high-pass filter to the data.

To avoid pixelization effects in the cross-correlation analysis, all

spectra, including templates, were oversampled by a factor of 40

(using linear interpolation), and all but the Balmer line in question

(one of Hb, Hg, Hd, He and H8) was cropped from each.

These spectra were modified further by subtracting 1.0 such that

the continuum level was approximately zero. The result was passed

through a half-cosine filter to smooth the transition to zero at the

ends.

Each resulting template was then cross-correlated with its

respective spectra to obtain pixel displacements. The velocities

were obtained by using the known wavelengths of the Balmer lines

to convert this displacement into wavelength and then Doppler

shift. See Paper I for further details.

The velocity curve for Hg is shown in Fig. 2. It has not been

corrected for slow instrument drifts. The high quality of the NOT

data (3rd, 4th and 7th panels) – owing to its larger aperture –

suggests that fainter and/or shorter-period pulsating sdBs could be

observed with this telescope.

4 T IME -SERIES ANALYSIS

Because the quality of the observations varies through the data set,

we performed frequency analysis using a weighted Fourier

transform (Kjeldsen & Frandsen 1992), where weights were

assigned to each night in the 2000 May data set according to the

internal scatter. Weights for the March–April data were assigned to

groups containing approximately the same number of observations

as one night in the May data.

Table 2. Spectroscopic observations of
PG 1605þ072 in March-April 2000.

UT date No. of No. of
hours spectra

2000 March 18 0.30 12
2000 March 20 1.43 77
2000 March 21 0.45 25
2000 March 22 0.45 25
2000 March 23 0.57 32
2000 March 24 0.65 37
2000 March 25 0.72 41
2000 March 26 0.93 45
2000 March 27 0.93 52
2000 March 28 0.83 45
2000 March 29 1.17 59
2000 March 30 1.05 59
2000 March 31 1.07 59
2000 April 01 1.15 57
2000 April 04 1.03 65
2000 April 05 1.42 77
2000 April 06 1.47 80
2000 April 07 1.55 85
2000 April 08 1.65 90
2000 April 09 1.57 86
2000 April 10 1.70 95
2000 April 11 1.90 99
2000 April 12 1.23 65

Total 25.22 1367

Table 1. Spectroscopic observations of PG 1605þ072.
LS ¼ La Silla; NOT ¼ Nordic Optical Telescope.

UT date Telescope No. of No. of
hours spectra

2000 May 11 Danish 6.87 370
2000 May 12 Danish 6.45 300
2000 May 16–17 NOT 7.31 337
2000 May 17–18 NOT 8.12 376
2000 May 18 Danish 6.75 319
2000 May 19 Danish 6.77 375
2000 May 19–20 NOT 8.40 473
2000 May 20 Danish 6.61 370
2000 May 21 Danish 2.69 146
2000 May 22 Danish 6.69 374
2000 May 23 Danish 6.67 369
2000 May 25 Danish 6.62 346
2000 May 26 Danish 1.24 70

Total 81.19 4225
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4.1 Velocities of individual Balmer lines

The amplitude spectra of the five velocity time-series from May

2000 are shown in Fig. 3. There does not appear to be any

substantial variation in velocity amplitude between the Balmer

lines. We have analysed all five time-series, using the non-linear

least-squares multifrequency fitting software PERIOD98 (Sperl

1998). The frequencies found are shown in Table 3. The same

technique was applied to the data presented in Paper I (July 1999)

and these frequencies are shown in Table 4. White noise levels in

the amplitude spectra are typically ,1000m s21 for each line in

the 1999 July data, and 600–700m s21 in the 2000 May data.

The major difference between the two sets of frequencies is the

detection of the peaks at 1985 and 2075mHz in the 2000 May data

set. In Paper I it was uncertain whether the non-detection of the

latter (found to be the dominant mode in photometry by Kilkenny

et al. 1999) in any of the individual Balmer line time-series, was as

a result of variable amplitude or beating between closely spaced

modes. With a slightly longer time-series and reduced noise, this

mode is clearly detected in all Balmer lines. Somewhat surprising

Figure 1. Typical spectrum of PG1605þ072 obtained at the Nordic Optical Telescope. The Balmer sequence is visible from Hb to H12, as well as the He I

l4471Å line. The feature at ,4410-Å is a bad CCD column.

Figure 2. Velocity curve for Hg from 2000 May. No instrumental variation

has been corrected for. There is a three-day gap between the second and

third panels from the top.

Table 3. Frequencies (in mHz) for five Balmer lines
found from the 2000 May data.

Hb Hg Hd He H8

1891.26 1891.34
1985.73 1985.68 1985.58 1985.73 1985.79
2075.64 2075.72 2075.68 2075.68 2075.68
2102.21 2102.20 2102.17 2102.18 2102.24
2742.71 2742.68 2742.64 2742.70 2742.69

Table 4. Frequencies (in mHz) for five Balmer lines
found from the 1999 July data.

Hb Hg Hd He H8

1891.02 1891.00 1890.91
2102.14 2102.14 2102.11 2102.12 2102.12
2742.73 2742.47 2742.69 2742.67 2742.61

Velocity analysis of PG 1605þ072 473
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is the detection of the mode at 1985mHz, as this was found in

photometry to have an amplitude of only 3.3mmag, whereas the

four other modes detected had amplitudes greater than 13.9mmag.

This mode may have variable amplitude or may be a series of

unresolved modes. There is evidence for the latter possibility from

Kilkenny et al. (1999), who found three modes around 1985mHz.

As discussed further below, it is clear that the crowded frequency

spectrum of PG 1605þ072 severely complicates the interpretation

of the observations.

In Paper I we reported the possible wavelength dependence of

Balmer-line velocity amplitudes (see fig. 3 of that paper). Here, we

have tried to confirm this result. First, we found the weighted

average frequencies of each of the four modes that were detected in

all Balmer lines. These frequencies were then simultaneously fit to

each time-series, giving amplitudes and phases for each mode.

Fig. 4 shows Balmer-line velocity amplitudes as a function of

wavelength for these four modes. Error bars indicate the white

noise level in the 3000–5000mHz region, where there appears to

be no excess power. For three of the modes, there is no clear

evidence for any wavelength dependence. For the 2102mHz mode

(triangles), all lines except Hb appear to have the same amplitude,

with the Hb amplitude being slightly lower. We do not feel this

difference is significant enough to claim wavelength dependence,

particularly as this peak may in fact be a combination of several

closely spaced modes.

4.2 Combined time-series

To reduce noise and perhaps detect more frequencies, we have

combined the time-series for the five Balmer lines. Before doing

Figure 3. Amplitude spectra of five Balmer lines. No amplitude variation is evident in the dominant modes.
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this, we checked whether the oscillation phases were the same for

each mode in each time-series. This is simply a matter of

examining the phases found at fixed frequency. Relative phases are

plotted as a function of wavelength for each mode in Fig. 5, with

errors determined using simple complex arithmetic (see Baldry

et al. 1998). There is no evidence for phase variation with

wavelength, leaving us free to combine the time-series.

To do this, we simply averaged the velocity at each observation.

This was possible since the weighting for each Balmer line was

approximately the same. Weights were again derived from the

internal scatter of each night. Combined time-series were

constructed, for both 1999 July and 2000 May. The two resulting

amplitude spectra are shown in Fig. 6. There appears to be

amplitude variation over the 10-month interval between the

observations, which we discuss in Section 5. The white noise level

is now 555m s21 for the 1999 July data set and 425m s21 for the

2000 May data set, an improvement of ,45 per cent over the best

single-line amplitude spectra.

The fitted frequencies are shown in Table 5. The third column

contains the differences in frequency between the two sets of data.

The lengths of our two sets of observations are,7.9 £ 105 s (1999

July) and ,1.3 £ 106 s (2000 May). If the formal frequency

resolution is given by 1/T, then the corresponding resolutions are

,1.26mHz and ,0.77mHz, respectively. Comparing these values

with those in the third column of Table 5, we see that we have been

able to estimate the frequency to much better than the formal

resolution. In the final column we show the frequencies found from

photometry, and again we see agreement that is better than the

formal resolution. This is not surprising: at high signal-to-noise

ratio, the frequency of a strong peak in the power spectrum can be

estimated to a precision many times better than the formal

frequency resolution.

4.3 Extended time-series

To improve the frequency resolution still further, we now add the

data from 2000 March–April (Table 2) to the 2000 May series. For

the extended time-series ðT , 5:9 £ 106 sÞ the formal frequency

resolution is ,0.17mHz. The longer time-series does add

complications however, since the number of alias peaks in the

amplitude spectrum increases significantly. There is a gap of 45 d

between the midpoints of the two time-series, leading to aliasing

that splits each peak into multiplets separated by ,0.25mHz. The

spectral window of each time-series is shown in Fig. 7. This

includes the window function of all the 1999–2000 combined,

which is discussed in Section 6. The extra aliasing is evident in the

top two panels.

The frequencies and amplitudes determined from the extended

Figure 4. Velocity amplitude as a function of wavelength. Diamonds

represent the mode at 2742mHz, triangles for 2102mHz, squares for

2075mHz and crosses for 1985mHz. Small offsets to some points have been

added in the wavelength direction to improve clarity. There is no clear

dependence of amplitude on wavelength.

Figure 5. Oscillation phase as a function of wavelength. Symbols are the

same as in Fig. 4. Small horizontal offsets have been added for clarity.

Table 5. Frequencies found after combining all Balmer
lines in the 1999 July and 2000 May data sets. Note that
Dn ¼ n2000 2 n1999. The final column shows frequencies
found by Kilkenny et al. (1999) for comparison.

n2000 n1999 Dn Kilkenny et al. (1999)
(mHz) (mHz) (mHz)

1891.19 1890.98 20.21 1891.42
1985.75 – – 1985.32
2075.68 2075.29 20.39 2075.76
2102.21 2102.15 20.06 2101.65
2742.71 2742.63 20.08 2742.72

Table 6. 2000 frequencies, periods and amplitudes measured from
the extended time-series. The fourth column shows the amplitudes
found using the 2000 frequency solution, the fifth column shows the
difference between the frequencies found in this paper and those
found in photometry (Kilkenny et al. 1999), and the sixth column
shows photometric amplitude rank.

n P V2000 V1999 nvel 2 nphot Rank
(mHz) (s) (km s21) (km s21) (mHz) n

1891.01 528.82 1.99 3.18 20.41 5
1985.75 503.59 4.13 0.63 þ0.43 8
2075.72 481.76 4.27 2.11 20.04 1
2101.57 475.83 3.40 4.97 20.08 3
2102.48 475.63 8.47 11.1 þ0.04 32
2102.83 475.55 3.66 3.05 20.45 2
2269.84 440.56 1.75 0.90 20.27 6
2742.47a 364.63 4.45 3.57 20.25 4a

2742.85 364.58 7.17 2.87 þ0.13 4
2765.09 361.65 1.97 0.29 20.20 21

a This mode can also be identified as one of the extra frequencies
found in an extended time-series in table 4 of Kilkenny et al. (1999).
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(2000 March–May) time-series are shown in Table 6. The white

noise level for this time-series is 370m s21, and we use this as an

error for the velocity amplitudes in column 3. The peaks at 2102

and 2742mHz, both shown as single in Tables 3 and 4, are now

resolved into three and two peaks, respectively. Also shown are the

differences in frequency when compared with photometry. If we

take into account both our frequency resolution and the ambiguity

from alias peaks, the frequencies we find are in excellent

agreement with those found in photometry (Kilkenny et al. 1999).

In particular, the multiplicity of the peaks at 2102 and 2742mHz

agrees with the extended time-series ðT , 33 dÞ used by Kilkenny

et al. (1999), who found four frequencies around 2102mHz and

four around 2742mHz. They also found five frequencies around

2075mHz, six around 2270mHz and three around 1985mHz. We

have not detected these extra frequencies. It is not clear whether

these multiple peaks are real or whether they caused by amplitude

variability. We will for the moment consider them to be real, but

will address this question in more detail in Section 5.

In Table 6, we note that the peaks at 2102.48mHz and

2765.09mHz are matched with quite low-amplitude modes found

in photometry (,1mmag), chosen because they are the closest in

frequency. The latter frequency can also be identified with a higher

amplitude mode detected by Koen et al. 1998. We note also that

2765.09mHz is separated from,2742mHz by twice the one cycle

per day alias frequency (i.e. 2 £ 11:57mHzÞ. The mode at

2742.47mHz is also identified with a low amplitude mode,

however it was only found in the extended time-series of Kilkenny

et al. (1999). Again, we have matched these modes purely because

they are the closest in frequency. This appears to give further

evidence for amplitude variability.

To further quantify this variability, we have fit the frequencies

derived from the 2000 observations to our 1999 data. The

amplitudes from the fit are shown in the fourth column of Table 6,

next to the amplitudes from the 2000 observations for comparison.

Errors in velocity are taken to be the white noise level (555m s21).

There are clearly large variations in most peaks (even more so,

considering that the weakest 1999 amplitudes should be considered

as upper limits).

5 S IMULATIONS

How well resolved are the closely spaced multiplets at 2102mHz

and 2742mHz shown in Table 6? To answer this, we show the

regions in question in Figs 8 and 9. From the top panel of Fig. 8 it is

clear that the frequency resolution is sufficient to resolve the power

at 2102mHz into at least two peaks, perhaps three. The two

frequencies found around 2742mHz also appear to be resolved in

Fig. 9. In the bottom panel of Fig. 6 it appears that the peak around

2742mHz is higher than the one around 2102mHz, however Table 6

shows the opposite. This can be explained by examining the

amplitude spectra (shown in Fig. 10) around 2102mHz after each

frequency is removed. It is still not clear, however, whether these

Figure 6.Amplitude spectra for 1999 July (top) and 2000 May (bottom) based on a combined Balmer line time-series. Note the apparent change in amplitudes.
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frequencies are real or an artefact of the variation in amplitude of

one frequency.

To investigate these effects further, we have created simulated

time-series for both our sets of observations (1999 and 2000). The

inputs are the 10 frequencies measured from the time-series with

the highest frequency resolution (i.e., 2000) with their correspond-

ing amplitudes. Note that each simulation had exactly the same

input amplitudes and frequencies, and only the phases were

randomized. We have used two different noise levels, ,600m s21

and ,300m s21, as these bracket the noise in our observations.

The same phases were used at both noise levels. The basic features

of the two different groups of spectra are the same, implying that

noise does not play a significant role in the shape of the amplitude

spectrum. A selection of simulated amplitude spectra with noise

,600m s21 are shown in Fig. 11 using the 2000 window function.

The most interesting feature of the majority of these spectra is

the variability of the amplitudes of the peaks at,2102mHz and at

,2742mHz. This observed variability does not depend strongly on

the window function and arises from beating between the closely

spaced modes around these two frequencies. However in Table 5

there is only a small difference (,0.1mHz) between frequencies

measured in 1999 July and 2000 May. If there were two or more

frequencies beating, we would expect the peaks to move by more

than this difference, since the measured frequencies span a range of

,1.3mHz.

Kilkenny et al. (1999) found two frequencies around 2102mHz

in both halves of their ,15 night time-series, as well as in the full

series. They also found weak ‘satellite’ frequencies near almost all

of the highest amplitude peaks. We find only one peak at 2102mHz

in our 2000 May observations, however weighting the data may

degrade the frequency resolution. The middle panel of Fig. 8

suggests that two peaks may be clearly resolved in the 2000

March/April observations. If we assume there are three frequencies

around 2102mHz, we detect two frequencies in ,90 per cent of

our simulations. It seems that our detection of only one peak may

be due simply to chance. Around 2742mHz only one frequency is

always resolved, with the second frequency resolved,50 per cent

of the time. This suggests a minimum of two frequencies around

2102mHz, and possibly two around 2742mHz. Two frequencies

around 2742mHz is supported by Reed (2001), who finds a similar

separation (,0.3mHz) in a re-analysis of the Kilkenny et al.

(1999) observations. By combining all of our data ð1999–2000Þ,

we are in a position to make one final test.

6 COMBINATION OF ALL OBSERVATIONS

If we combine all of our observations ð1999–2000Þ, we find that

the amplitudes of each peak is approximately the same

(,8 km s21). This implies that the oscillations are coherent over

this one year period, and we can therefore perform a frequency

analysis on the time-series. Combining all of the data introduces

fine structure in the spectral window, as shown in the top panel of

Fig. 7 in the region around 2100mHz. The frequencies we measure

from this time-series are the same as those found in the 2000

March–May data, except around 2102.5mHz, where we now find

Figure 7. Spectral window (in amplitude) for 1999–2000, 2000 March–

May, March–April and May data sets in the range 2100–2105mHz. Alias

peaks are seen in the top two panels with a ,0.25mHz spacing, and in the

top panel.

Figure 8. Amplitude spectra for the combined, March/April and May data

sets in range 2100–2105mHz. The dashed lines indicated frequencies

measured from the extended time-series.
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three frequencies instead of two. These frequencies, while they

describe the observations (see Fig. 12), are split such that we

consider them to be caused by amplitude variation. The two

frequencies not found in 1999–2000, but found in the 2000 March–

May data (2269.84 and 2765.09mHz), we consider marginal

detections. We can now conclude that the frequencies in Table 7,

derived from the 2000 March–May observations, are real.

7 COMPARISON WITH WOOLF ET AL . ( 2 0 0 2 )

Our observations were by coincidence concurrent with those of

Woolf et al. (2002), so we are in a position to examine some of their

findings. First, based on data taken over 16.3 h across a 32.1-h

period, they found an apparent power shifting between modes,

which we also find, and attribute to both amplitude variability over

time and beating between closely spaced frequencies. They also

found evidence for rotational splitting of the 2742mHz mode, and

derived a rotational period of 12:6^ 2:8 h. This is not in agreement

with Heber, Reid & Werner (1999), who derived an upper limit on

the rotational period of 8.7 h from spectral analysis. While the

pulsations cause some broadening of the spectral lines, the pulsa-

tion amplitudes are not high enough to shift Heber et al. (1999)’s

upper limit into the range found by Woolf et al. The rotational

splitting they found is ,11mHz, which is very close to one cycle

per day. Because of this, the reality of this splitting should probably

be treated with scepticism.

Some of our observations overlap with Woolf et al.’s, and we

have plotted in Fig. 13 the amplitude spectrum of the two nights

closest in time to theirs. Our observations for this period start at

MJD 51675.1 and finish at MJD 51676.4, while the Woolf et al.

start at MJD 51675.9 and finish at MJD 51677.25. The dashed lines

in the figure indicate the frequencies found by Woolf et al, which

appear to be one cycle per day alias peaks. The dotted lines indicate

the frequencies found in this paper. For comparison we have shown

the spectral window of our observations in the top panel. The

dashed lines correspond very well to the alias peaks in our spectral

window, and we conclude that this is most likely what Woolf et al.,

have identified, although the central peak (which we have

identified with the frequency found in photometry) is not apparent

in their amplitude spectra. We feel timing errors may be a possible

explanation for the splitting, and lack of this central peak.

8 DISCUSS ION

The model of Kawaler (1999) is the best pulsation model for

PG 1605þ072 produced so far, although it only matches five of the

dominant frequencies from Kilkenny et al. (1999) (they detected up

to 55 frequencies, although some may be artefacts of amplitude

variation). Kawaler’s model predicts an equatorial velocity of

,130 km s21 leading to a rotational period of around 3 h, in

agreement with the upper limit found by Heber et al. (1999) of

Prot , 8:7 h ðv sin i ¼ 39 km s21Þ.

What are the possible reasons for modes which are so closely

spaced? Rotation has already been mentioned, however the

minimum rotational splitting for an l ¼ 1 mode is,16mHz to first

order, and for an l ¼ 2 mode is ,27mHz. This is based on the

maximum rotational period of Heber et al. (1999), and assumes

that the star oscillates in g modes (Kawaler 1999) in a similar way

to a white dwarf. This is not the case, however, since unlike white

Figure 9. Same as Fig. 8 except in the range 2740–2745mHz. Figure 10. Amplitude spectra of the 2100–2105mHz region showing the

successive removal of three closely spaced frequencies.
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dwarfs, horizontal motion does not dominate vertical motion on the

surface of sdBs; in fact, they are of the same order (Kawaler,

private communication). Despite this, the splitting values above are

minima, so it is clear rotation is not the only effect causing

splitting. Strong magnetic fields also cause splitting of oscillation

modes, however little work has been done to measure fields of

sdBs. Finally, we feel that amplitude variability over several

months can explain at least some of the observed splittings. More

detailed modelling of PG 1605þ072 using the so-called second

generation pulsating sdB models of Charpinet, Fontaine &

Brassard (2001) may help to answer these questions.

9 CONCLUSIONS

Of all the pulsating sdBs currently known, PG 1605þ072 is clearly

one of the most interesting. Using our newest observations we

make several conclusions.

(i) From our main campaign we have detected seven oscillation

frequencies from velocity variations in the star. These frequencies

are shown in Table 7. Most of these correspond to the strongest

oscillation frequencies found in photometry.

(ii) We find the velocity amplitudes and phases in the individual

Balmer lines to be equal and cannot confirm the wavelength

dependence of amplitude seen in Paper I.

(iii) Apparent amplitude variability between our two sets of

observations can be explained by a combination of beating

between closely spaced modes and amplitude variability.

(iv) To fully resolve and identify as many closely spaced

frequencies as possible, it is necessary to have both good time

coverage to reduce aliasing effects, and most importantly for

PG 1605þ072, to have a time-series that is as long as possible, thus

improving the frequency resolution in the amplitude spectrum.

(v) We can explain the possible rotational splitting of the 2742-

mHz peak claimed by Woolf et al. (2002) as an aliasing effect

(possibly caused by incorrect time stamps), since our observations

are concurrent.

PG 1605þ072 offers asteroseismologists several challenges. It

Figure 11. Simulated amplitude spectra using the 10 frequencies from

Table 6 as input. These spectra are based on the window function of all

observations from 2000. It is clear that the variable amplitude of the highest

peaks is due to beating.

Figure 12. Same for Fig. 10, except with combined 1999 and 2000 time-

series.

Table 7. Detected frequencies and
periods in velocities of PG1605þ072.
These are based on the 2000 March–
May observations, but also found in a
time-series of all observations
ð1999–2000Þ.

Frequency (mHz) Period (s)

1891.01 528.82
1985.75 503.59
2075.72 481.76
2101.57 475.83
2102.48a 475.63
2742.47 364.63
2742.85 364.58

a We include this frequency as
representative of a mode with vari-
able amplitude around 2102.5mHz.
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has many oscillation frequencies, although some have variable

amplitudes; it has longer periods than most other pulsating sdBs,

however it is rotating fast enough that rotationally split modes may

be unequally spaced; it may be oscillating in p or g modes or a

combination of both. Further theoretical work is needed in these

areas. We feel that despite these challenges, a campaign of

simultaneous photometry and spectroscopy will help to answer the

questions we have raised here, and perhaps allow us to comprehend

one of the least understood phases of stellar evolution.
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Abstract. The discrepancy between the Pleiades cluster distance based on Hipparcos parallaxes and main sequence
fitting is investigated on the basis of Strömgren photometry of F-type stars. Field stars with the same metallicity
as the Pleiades have been selected from the m1 index and a technique has been developed to locate the ZAMS
of these field stars in color-magnitude diagrams based on the color/temperature indices b − y, v − y, and β.
Fitting the Pleiades to these ZAMS relations results in a distance modulus of 5.61 ± 0.03 mag in contrast to the
Hipparcos modulus of 5.36 ± 0.06 mag. Hence, we cannot confirm the recent claim by Grenon (1999) that the
distance problem is solved by adopting a low metallicity of the Pleiades ([Fe/H]Pleiades = −0.11) as determined
from Geneva photometry. The metallicity sensitivity of the ZAMS determined by the field stars is investigated,
and by combining this sensitivity in all three color/temperature indices b− y, v − y, and β we get a independent
test of the Pleiades distance modulus which support our value of 5.61 mag. Furthermore, the field star sample
used for the comparison is tested against theoretical isochrones of different ages to show that evolutionary effects
in the field star sample are not biasing our distance modulus estimate significantly. Possible explanations of the
Pleiades distance problem are discussed and it is suggested that the discrepancy in the derived moduli may be
linked to a non-spherical shape of the cluster.

Key words. open clusters and associations: individual: Pleiades – stars: Hertzsprung-Russell (HR) and C–M
diagrams – stars: distances – stars: evolution – stars: abundances

1. Introduction

The Hipparcos Space Astrometry Mission has provided
accurate absolute trigonometric parallaxes for roughly
120 000 stars, which are distributed all over the sky, and
hence relatively accurate distance measurements for stars
at a much larger distance than previous obtainable from
ground based observations. This has given the opportu-
nity to compare distances of several open clusters derived
from direct trigonometric measurements with those de-
rived from main sequence (MS) fitting. For some of the
clusters there are discrepancies between the derived dis-
tances, but in most cases the differences are within the
estimated uncertainties. An exception is the Pleiades for
which the distance modulus derived using the mean of
the Hipparcos parallaxes is almost 0.3 mag smaller than
that derived using the MS fitting technique. Possible

Send offprint requests to: D. Stello,
e-mail: stello@ifa.au.dk

explanations of this anomaly are:

1. The errors of the MS fitting technique may be underes-
timated. This could arise from difficulties in the tech-
nique itself, or it could be due to serious errors in the
adopted chemical composition of the Pleiades cluster.

2. There may be systematic errors on small angular scales
in the sky of the Hipparcos parallaxes which are un-
derestimated. This could bias the inferred distance to
clusters that only cover a small angular area in the sky.

If these possibilities can be excluded we may have to draw
the important conclusion that the theory of stellar struc-
ture and evolution is incomplete or in other words: the
Vogt-Russell theorem that the location of a star in the
Hertzsprung-Russell diagram is uniquely determined by
its mass, age, and composition is violated. It is this as-
pect of the Pleiades distance problem that makes it so
interesting.

The mean parallax of the Pleiades cluster inferred
from the Hipparcos data ranges from 8.60 ± 0.24 mas
(Mermilliod et al. 1997) to 8.45± 0.25 mas (van Leeuwen
1999). These parallaxes correspond to a distance

Ü�� �



106 D. Stello and P. E. Nissen: The problem of the Pleiades distance

interval of 116± 3 pc to 118± 4 pc or a distance modulus
interval of 5.33± 0.06 mag to 5.37± 0.07 mag. These dis-
tance moduli should be compared with those found from
the MS fitting method. Pinsonneault et al. (1998) find
a distance modulus of 5.60 ± 0.05 mag, based on an ex-
tensive multi color MS fitting analysis. They make use
of several open clusters to check for different possible er-
ror sources, and both isochrones and an empirical Hyades
MS are used as the zero point of the ZAMS. Pinsonneault
et al. (1998) suggest that the discrepancy between the re-
sults from Hipparcos and the MS fitting method is due
to spatial systematic errors on small angular scales in the
Hipparcos data (Pinsonneault et al. 1998, Fig. 20) which
are larger than expected (Lindegren 1988, 1989, 1997).
From a comparison of the Pleiades MS with those of the
Hyades and α Persei clusters Eggen (1998) also concludes
that the Hipparcos parallax distance of the Pleiades may
be in error by some 10%. An investigation of the possi-
ble spatial systematic errors in the Hipparcos data is per-
formed by Narayanan & Gould (1999) who confirm the
distance modulus of around 5.6 mag by an estimate of
5.58 mag, though with a fairly large error of ±0.18 mag.
Their investigation is based on a variant of the moving
cluster method to get distances for each individual cluster
member. On the basis of the stated spatial systematic er-
rors in the Hipparcos data Robichon et al. (1999) make an
extensive investigation of this problem, which makes use
of the method of analyzing Hipparcos intermediate data
described by van Leeuwen & Evans (1998). They recalcu-
late the Hipparcos parallaxes and find a distance modulus
of 5.36 ± 0.06 mag for the Pleiades which is the value
adopted in this paper for comparisons.

Recently, Grenon (1999) has claimed that the Pleiades
distance problem is solved by adopting a cluster metallic-
ity of [Fe/H]Pleiades = −0.11 as determined from Geneva
photometry instead of [Fe/H]Pleiades ' 0.0 as determined
from high resolution spectroscopy (Boesgaard & Friel
1990). In particular, Geneva photometry points to a large
difference in the metallicity of Praesepe and Pleiades
(∆[Fe/H] = 0.28). To a large extent this explains the off-
set between the two clusters in various color-magnitude
diagrams (Robichon et al. 2000).

The purpose of the current study is to investigate the
discrepancy between the Pleiades distance inferred from
the Hipparcos mean parallax and from the MS fitting
method by comparing Strömgren uvby − β photometry
of Pleiades F-type stars with field stars having the same
metallicity as the Pleiades. We start out with a presen-
tation of the Pleiades cluster and field star data followed
by the calibration formulas and selection of stars used for
the rest of the reductions. Then the MS fitting analysis is
described including the fitting technique, which has been
developed to locate the ZAMS of the field star sample, and
how we test the age range of the field stars. Furthermore, a
metallicity sensitivity analysis is presented and finally we
discuss possible answers to the Pleiades problem including
the suggestion that the discrepancy in the derived distance

moduli could be a real effect caused by the structure of
the cluster.

2. MS fitting with Strömgren photometry

The Pleiades, shifted to the distance inferred from the
Hipparcos mean parallax, are compared to nearby field
stars of the same metallicity in a color-magnitude dia-
gram. This is done to see if the ZAMS defined by the field
stars (hereafter denoted ZAMSField) does coincide with
the Pleiades MS. Further, the distance modulus of the
Pleiades is inferred from a best fit by the comparison of
the Pleiades MS and the ZAMSField. This investigation
also includes a sensitivity analysis of the ZAMSField locus
to changes in [Fe/H]. The analysis is performed for F-type
stars, and in three color/temperature indices b− y, v − y,
and β, to check for robustness and possible hidden errors
in the MS fitting technique.

The advantage of using field stars to define the zero
point of the distance modulus is that the investigation
will be purely empirical, and not affected by some possi-
ble lacking ingredients in the theoretical calculations of the
isochrones. So this investigation only relies on the Vogt-
Russell theorem (Sect. 1). The shape of the Pleiades MS
turns out to be very similar to the ZAMSField shape and
hence we avoid the problem of fitting to isochrones which
do not match the cluster MS at every temperature inter-
val. Using F-type stars gives the opportunity to correct
for interstellar reddening and to estimate [Fe/H], based
on the Strömgren indices and available empirical calibra-
tion formulas. The assumed shape of the ZAMSField used
for the comparison between the Pleiades MS and the field
stars is found by a second-order robust least squares fit to
the Pleiades stars.

2.1. Data

The uvby−β data for the Pleiades is taken from Table II of
Crawford & Perry (1976) (hereafter CP76), which contains
members classified as F-type stars by CP76. The mean
error of one observation, was determined from the inter-
nal scatter in the measurements of all the Pleiades stars
(Table I CP76), and were given as follows, σ(β) = 0.011,
σ(b − y) = 0.009, σ(m1) = 0.011, and σ(c1) = 0.012
(CP76). Taking into account that each star has been ob-
served about 5 times we obtain the following typical mean
errors of the mean indices of one star: σ(β) = 0.005,
σ(b − y) = 0.004, σ(m1) = 0.005, and σ(c1) = 0.005 mag.

The magnitudes of the stars in CP76 were adopted
from Johnson & Mitchell (1958) (based on the UBV
system), so to get the Strömgren values (y transformed
to V ) the star magnitudes are taken from the WEBDA
database (Mermilliod 2000). For about half of the stars
the Strömgren value is not available, and the magnitudes
are taken to be the average of the V values from UBV
observations (also given in the WEBDA database). It is
noted that for stars with both uvby and UBV photometry,
the V magnitudes agree within ±0.02 mag.
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The field star data has been taken from a catalogue
of ∼30 000 stars observed in uvby − β (Olsen 1999). This
catalogue has been made by merging five published cata-
logues; all by E. H. Olsen. The sample used in this investi-
gation (F-type stars) is based on three of these catalogues
(Olsen 1983, 1988, 1994). The overall rms internal error
of one observation is σ(V ) = 0.005, σ(b − y) = 0.004,
σ(m1) = 0.006, σ(c1) = 0.007, and σ(β) = 0.007. These
errors are the conservative ones, in some of the catalogues
they were in fact ∼0.002 mag smaller, but the conservative
ones are adopted in this investigation. The majority of the
stars were observed only once and a few 2 or 3 times, so
the errors in the mean photometric values per star are not
significantly different from the errors stated above.

The absolute magnitudes are derived using the red-
dening corrected apparent magnitudes V0 (transformed
from y), and the Hipparcos parallaxes (ESA 1997).
The mentioned possible spatial systematic error in the
Hipparcos parallaxes does not affect the locus of the
ZAMSField, because it can only have effects on small angu-
lar scales, and the field stars are distributed “randomly”
all over the sky. Thus the error contributions from the par-
allaxes in the zero point for the ZAMSField is the global
parallax error, which is less than 0.1 mas (Arenou et al.
1997).

In addition to the internal errors for the Pleiades pho-
tometry by CP76 and for the field stars by Olsen (1999)
there could be systematic differences between the two
sources. Especially the β index is critical, because the
reddening and hence the corrected color indices (b − y)0
and (v−y)0 is determined from β (Sect. 2.2.1). It is, how-
ever, very unlikely that systematic errors in β could be
large enough to explain the offset between the Pleiades
and the field stars, which is of the order of 0.02 mag
in β if we adopt the Hipparcos distance modulus of the
Pleiades. In this connection we note that photometric
observations of the β index is quite straightforward; no
extinction correction is needed and the transformation
to the standard system is linear without color terms.
As discussed by Olsen (1983), systematic differences in
β obtained with different telescopes and filter sets are
0.005 mag at most. Furthermore, we note that two of the
Pleiades F-type stars from CP76 (Hz II 739 and 948) hap-
pen to be in Olsen (1999). The differences (Olsen−CP76)
are 0.007 and 0.008, respectively. This does not point to
any large systematic errors, and a correction for this dif-
ference would in fact increase the offset of the Pleiades
with respect to the field stars, but of course we cannot
draw any strong conclusions from two stars only.

2.2. Calibration and selection

2.2.1. Reddening

To correct for reddening, the color excess is determined
for individual stars as E(b− y) = (b− y)− (b− y)0, where
(b − y)0 is found by an iterative calculation based on the

empirical calibration given by Crawford (1975a):

(b − y)0 = 0.222 + 1.11∆β + 2.7∆β2 − (1)

0.05δc0 − (0.1 + 3.6∆β)δm0,

where

δc0 = c0 − c0,ZAMS(β), δm0 = m0,Hyades(β) − m0, (2)

c0 = c1 − 0.20 · E(b − y), m0 = m1 + 0.30 · E(b − y), (3)

and ∆β = 2.72 − β. The standard relation between β,
m0,Hyades, and c0,ZAMS is found by interpolation between
the data points given in Table I by Crawford (1975a). The
iterative procedure uses the four Strömgren indices for
each star, and an initial guess for the color excess as input
data. The output (individual color excesses) was obtained
when E(b−y) converged at the 0.0001 level. The expected
error for E(b − y) is found as

σ[E(b − y)] =
[

σ2(b − y) + σ2[(b − y)0]
]1/2

, (4)

where

σ[(b − y)0] =
[

σ2(∆β)(1.11 + 5.4∆β + 3.6δm0)
2 + (5)

σ2(δm0)(0.1 + 3.6∆β)2 + 0.052σ2(δc0)
]1/2

,

with σ(∆β) = σ(β), σ(δm0) ' σ(m1), and σ(δc0) '
σ(c1). An estimate of this error is obtained by inserting
the mean values of ∆β and δm0 from the samples. For the
Pleiades stars it is σ[E(b − y)]Pleiades = 0.008 mag, while
it for the field stars is σ[E(b − y)]Field = 0.010 mag.

2.2.2. [Fe/H] calibration

To be able to select nearby field stars with the same metal-
licity as the Pleiades, [Fe/H] is calculated for the Pleiades
using the empirical calibrations of Nissen (1981). The cal-
ibration formula is as follows:

[Fe/H] = −[10.5 + 50(β − 2.626)]δm0 + 0.12 (6)

where δm0 is like in Eq. (2), and the constant of 0.12 is
the adopted [Fe/H]Hyades. The adopted [Fe/H]Hyades does
not affect the result of the comparison of the Pleiades
with the field stars, because it is only relative. But the
estimate of the absolute [Fe/H]Pleiades value is of course
dependent on the assumed [Fe/H]Hyades. The expected er-
ror in this calibration is obtained by a procedure similar
to that presented in Sect. 2.2.1, but this time σ(δm0) =
σ(m0) is used. The results are σ([Fe/H])Pleiades = 0.07
and σ([Fe/H])Field = 0.07.

2.2.3. Reduction step by step

The criterion for being an F-type star is set to be 2.59 <
β < 2.72, which is the β range used by Crawford (1975a)
and Nissen (1981) for their calibration formulas (redden-
ing and metallicity).
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To keep as many Pleiades members as possible, no
stars from Table II (CP76) are rejected as a start ex-
cept Hz II 948 which appear to be a non-member in both
CP76 and the WEBDA database. For each member star
the reddening is calculated by the procedure described
in Sect. 2.2.1, and their photometry measurements are
individually corrected. The mean reddening obtained is
〈E(b − y)〉Pleiades = 0.031 ± 0.004 mag1, and the star-
to-star rms scatter is S[E(b − y)]Pleiades = 0.022 mag.
Compared with the expected error of the E(b − y) de-
termination (σ[E(b − y)]Pleiades = 0.008 mag), this indi-
cates significant star-to-star reddening differences across
the cluster. The mean color excess for the Pleiades ob-
tained here is in quite good agreement with former results
obtained from other investigations, which in general are in
the range of about 0.03–0.04 mag (e.g. Pinsonneault et al.
1998 used E(b − y) = 0.7 × 0.04 mag ' 0.03 mag; here
using the relation between E(b − y) and E(B − V ) from
Crawford 1975b).

The reddening corrected m0 values together with
the β observations are then used as input in Eq. (6),
to get the Pleiades metallicity. The mean value derived
is 〈[Fe/H]〉Pleiades = 0.01 ± 0.021. This value is in very
good agreement with spectroscopic results, which mostly
come out with a near solar metallicity for the Pleiades
(e.g. Boesgaard & Friel 1990). The star-to-star rms scat-
ter is S([Fe/H])Pleiades = 0.13, which is somewhat larger
than the expected error (σ([Fe/H])Pleiades = 0.07).

From the catalogue of field stars, used in this investi-
gation, there are 12 658 stars which have 2.59 < β < 2.72
(thus F-type stars), but 1194 stars of this group do not
have Hipparcos parallaxes, so the absolute magnitude
could not be derived, and they are therefore rejected. For
each star in the remaining sample the reddening is cal-
culated, as described in Sect. 2.2.1, and the photometry
of every star is individually corrected. Due to statistical
fluctuations and a low mean reddening of the field star
sample (〈E(b − y)〉 = 0.009) some stars turn out to have
slightly negative values of E(b− y). In order to avoid any
bias these negative values were not changed. Finally, the
reddening corrected m0 values and the β observations can
be used as input data in Eq. (6), to derive the metallicity
for every star.

We choose a metallicity range of −0.10 < [Fe/H] <
0.12 which is comparable to the Pleiades mean metallic-
ity plus/minus a representative estimate of the metallicity
scatter, and the number of F-type field stars remaining in
this interval is 3389. The mean [Fe/H] of the remaining
sample is not equal to 〈[Fe/H]〉Pleiades because the metal-
licity profile of the original field star sample peaks around
[Fe/H] = −0.15, thus [Fe/H] for the remaining sample is
slightly shifted (by 0.01 dex) to a lower [Fe/H]. But since
this is only half the error of the mean of the Pleiades
[Fe/H] the effect is ignored.

1 This value is based on all stars from Table II of CP76 except
the likely non-members Hz II 739 and Hz II 948 (see Sect. 2.3).

An additional selection of the field stars is made on the
basis of the relative parallax error. If the MV0

vs. (b− y)0
diagram is considered, the error in the absolute magnitude
MV0

of the field stars is affected by the errors in V0, (b −
y)0, and the distance modulus (through π, the parallax).
From the errors given in Sects. 2.1 and 2.2.1, the error
in V0 can be estimated as: σ(V0) = [σ2(V ) + (4.3 σ[E(b −
y)]Field)

2]1/2 = 0.044 mag. The size of the effect on σ(MV0
)

from σ[(b − y)0] depends on the slope of the ZAMS in
the color region of interest. A test plot is made to find
the approximate slope, and it is found to be ∼12. The
effect from σ(π)/π, on the distance modulus, is found by
differentiating the relation (m − M) = 5 log( 1

π ) − 5, with
respect to π−1, where (m − M) is the distance modulus.
This now leads to the following expression:

σ(MV0
)' [σ2(V0)+(12 σ[(b−y)0])

2+(2.17 σ(π)/π)2]1/2 .(7)

The optimized choice of the upper limit of σ(π)/π, is when
2.17 σ(π)/π ∼ max{σ(V0), 12 σ[(b − y)0]} ∼ 0.12 mag
(where σ[(b − y)0]Field = 0.010 mag; Eq. (6)), which sug-
gests σ(π)/π ∼ 0.05. If a similar consideration is made
in the MV0

vs. (v − y)0 or MV0
vs. β diagram, the sug-

gestion would be σ(π)/π ∼ 0.04. To avoid different sam-
ples of field stars in the three investigation parts, parallax
measurements to a 5% accuracy are chosen, which left a
sample of 782 stars. This seems to be the most reason-
able choice, since the sample is large enough to make a
clear definition of the ZAMS, and a lower error always is
desirable.

2.3. MS fitting analysis

The MS fitting analysis is carried out in three diagrams
MV0

vs. (b − y)0, MV0
vs. (v − y)0, and MV0

vs. β. Often
only the (b−y)0 case will be illustrated in the figures, but
the results of the other diagrams will be given. Though β
is not a color, all three diagrams will in the following be
denoted color-magnitude diagrams, and the specification
“F-type” stars will be omitted, thus “the stars” or “all
the stars” simply refers to the sample of F-type stars used
in this investigation. A test plot of the Pleiades showed
that there was an outlying star which was significantly
cooler than the rest of the sample, and ∼1 mag above the
Pleiades MS (it has spectral type G0; Mendoza 1956). The
star is rejected as a likely non-member. The Pleiades mean
color excess and metallicity did not change significantly
if the G0 star was included in the sample or not. The
changes were only 0.002 mag in the average color excess,
and 〈[Fe/H]〉 changed by 0.003 dex.

With the errors stated in Sects. 2.1 and 2.2.1 the
estimated error per one star in MV0

for the field stars
(Eq. (7)), is in the range of 0.14–0.17 mag for all three ex-
amined color-magnitude diagrams (smallest for the (v −
y)0 diagram, and largest for the (b− y)0 and β diagrams,
which is expected since the ZAMS in the (v−y)0 diagram
is less steep than in the other two diagrams).

In Fig. 1 the field stars are plotted together with the
Pleiades stars adopting the Hipparcos mean parallax of
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Fig. 1. Color-magnitude diagram of the selected field stars with −0.10 < [Fe/H] < 0.12 and σ(π)/π < 0.05 (empty circles),
compared to the Pleiades (filled stars) adopting the Hipparcos inferred distance modulus of 5.36 mag (from Robichon et al.
1999). The Pleiades star at the cooler end of the diagram is a G0 star and most likely a non-member, and the two stars
(Hz II 1338 and 1912) about 0.6 mag brighter than the mean relation defined by the others Pleiades stars are binaries.

the cluster. This plot clearly shows the discrepancy be-
tween the locus of the field stars and that of the Pleiades.
The plots in all three color-magnitude diagrams look quite
similar. In addition to the deviating G0 star there are two
Pleiades stars (Hz II 1338 and 1912) which are ∼0.6 mag
brighter than the mean relation defined by the others.
According to Mermilliod et al. (1992), one of the stars is
a spectroscopic binary, and the other a visual binary, in
agreement with their shift in brightness.

2.3.1. The stellar magnitude distribution

To get an estimate of the distance modulus of the Pleiades
we have to analyze the magnitude distribution, relative to
the Pleiades MS, of the field stars which define our zero
point of the ZAMS locus. The observed magnitude dis-
tribution is a convolution of the underlying evolutionary
distribution of the field star sample and a Gaussian profile
coming from the observational errors in MV0

.

A robust least squares fit (second-order) (Freudenreich
1999) of the Pleiades MS is made in the V0 vs. color dia-
grams. The derived polynomial of the Pleiades MS is used
to define the shape of the ZAMSField. To find the distance
modulus of the Pleiades the polynomial is shifted by the
magnitude which make it fit to the ZAMSField. The ad-
vantage of this method is that the robust least squares fit
of the Pleiades MS will not be significantly affected by the
stars which lie far from the Pleiades MS. This means that
e.g. double stars will not bias the locus of the Pleiades MS
significantly. The disadvantage is that the shifted Pleiades
MS fit may not match the ZAMSField perfectly, because

the shape of the fitted Pleiades MS is sensitive to the small
sample of Pleiades data points (29 stars). The shifting of
the Pleiades MS is done by calculating the individual dis-
tance moduli of every field star with respect to the poly-
nomial fit of the Pleiades MS. This give the magnitude
distribution of the field stars relative to the Pleiades MS.
All the distance moduli are evaluated as input in the likeli-
hood function which is the simultaneous probability func-
tion of all data points. The probabilities of the individual
data points are described by the result of the convolution
mentioned above. The underlying evolutionary distribu-
tion is approximated by ∝ exp(−x/τ) with a sharp edge
at the ZAMSField locus, where τ is the fall-off rate due to
evolution and binarity of the star sample. The width of
the Gaussian is characterized by the observational error
σ(MV0

). The mathematical expression of the convoluted
function is:

f(u)=
p1

p2

exp

(

p2
4

2p2
2

− u − p3

p2

)

1√
2πp4

∫ y

−∞

exp

(

− v2

2p2
4

)

dv

=
p1

2p2

exp

(

p2
4

2p2
2

− u − p3

p2

)(

1 + Errf

(

y√
2p4

))

(8)

where y = u − p3 − p2
4/p2, p1 is the normalization con-

stant, p2 = τ , p3 is the ZAMSField locus, p4 = σ(MV0
),

and Errf(t) is the IDL error function. A best fit is ob-
tained when the likelihood function takes its maximum
value which we find by changing τ , σ(MV0

), and the locus
of the sharp edge of the ZAMSField as free parameters.

The underlying evolutionary distribution (dashed line)
together with the convoluted function of best fit (thick
line) is shown in Fig. 2. Additionally, the individual dis-
tance moduli are binned and over plotted to illustrate the
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110 D. Stello and P. E. Nissen: The problem of the Pleiades distance

Fig. 2. The field star magnitude distribution, with respect to
the polynomial fit of the Pleiades MS, in the MV0

vs. (b − y)0
diagram. Empty circles shows the individual distance moduli
binned, with a bin size of 0.1 mag and connected with the
thin line. Dashed line indicates the assumed underlying star
distribution without observational errors defining the point of
the ZAMSField. The thick line is the best fit to the data of the
convolution of the underlying star distribution with a Gaussian
profile which corresponds to the observational error.

field star magnitude distribution for comparison (thin line
and empty circles). The point of the ZAMSField, is the ver-
tical dashed line.

The fitted σ(MV0
)Field for all three color-magnitude

diagrams end up in the range 0.12–0.13 mag which
is near the expected errors derived in Sect. 2.3 on
page 108. It indicates that the shape of the Pleiades
polynomial matches the ZAMSField shape very well in
all three color-magnitude diagrams. The Pleiades dis-
tance modulus found by the fits are: 5.62 ± 0.02 mag,
5.61 ± 0.02 mag, and 5.61 ± 0.03 mag in the (b − y)0,
(v − y)0, and β diagram respectively. The stated er-
rors are the quadrature sum of two errors. The first
comes from the uncertainty in the vertical positions of the
Pleiades MS fits, which is the star to star scatter around
the Pleiades MS fit divided by the square root of the
number of stars (SV0,Pleiades(Pleiades MS fit)/

√
#stars).

For the three color-magnitude diagrams these errors are:
0.019 mag, 0.017 mag, and 0.031 mag in the (b − y)0,
(v − y)0, and β diagram respectively2. The second er-
ror is found as the points where the log likelihood func-
tion has fallen by 0.5 from its maximum value by chang-
ing the Pleiades distance modulus step by step around
its optimum value, and optimizing the two other pa-
rameters for every step. The ±1σ interval is approx-
imated by a symmetric interval around the maximum
value by a parabola fit of the log likelihood function.
This approximation gives sufficient precision. For the three

2 These errors are from slightly around one to 3/2 times
larger than the pure observational scatter in V0,Pleiades, and
show different real effects like binarity, which introduces extra
scatter around the perfect ZAMS locus.

color-magnitude diagrams these errors are: 0.014 mag,
0.015 mag, and 0.015 mag in the (b− y)0, (v − y)0, and β
diagram respectively.

It is important that the left tail of the field star’s mag-
nitude distribution is fitted well because this is the region
where the ZAMSField has to be found. The extremely good
fit at the left tail of Fig. 2 supports the trustfulness of the
method used in this investigation. The right tail is more
affected by the evolutionary and binary distribution of
the field star sample, and it could be argued that the as-
sumed exponential fall-off at the right part of the profile
is rather simplified, but changing it would not affect the
fitted ZAMSField locus significantly because this part of
the diagram is separated by several standard errors from
the ZAMSField locus.

The method of finding the distance modulus presented
here seems very robust because the distance moduli, errors
in the distance moduli and σ(MV0

) are consistent with one
another and their estimates in the three color-magnitude
diagrams. By changing the underlying evolutionary distri-
bution it is seen that the estimated distance moduli are
quite stable. We consider the following different underly-
ing star distributions. Assume the underlying fall-off to
be in two steps. First a rather steep fall-off followed by a
less steep fall-off. This scenario would fit the Gaussian to
be wider (but could still be consistent with the estimates
given in Sect. 2.3 on page 108), and the Pleiades distance
modulus would be fitted to be slightly larger (ZAMSField

closer to observed maximum density). The only way to
get a lower estimated distance modulus is by assuming a
slower fall-off for the right tail of the underlying distribu-
tion; the extreme being a wide box function with one edge
at the ZAMSField. Under this assumption the ZAMSField

will be at the point of half maximum of the observed distri-
bution, which in this case means a lower distance modulus
by less than 0.05 mag, but at the cost of an unaccept-
able bad fit to the data. One can of course get an even
lower estimate if it is assumed that the underlying star
density will increase on the right side of the ZAMSField

in Fig. 2, which means that the maximum density of the
underlying distribution is above the ZAMSField. But the
extremely good fits at the left tail (Fig. 2) and the con-
sistent determinations of the Gaussian widths tell us that
the underlying star distribution must have a sharp edge as
indicated in Fig. 2. To see if the field star sample does in-
deed contain stars not evolved significantly away from the
ZAMS, the sample is compared with a series of isochrones
in Sect. 2.3.2, and the assumed underlying evolutionary
distribution is tested by the aid of evolutionary tracks.

Figure 3 shows a plot similar to Fig. 1, but instead
of the adopted Pleiades distance modulus of Hipparcos
the estimated value of 5.62 mag, which make the fitted
Pleiades MS polynomial match the ZAMSField, has been
used. Furthermore, the polynomial fit to the Pleiades MS
is shown, shifted by 5.62 mag (solid line) and by 5.36 mag
(dashed line). It is easy to see that the Pleiades shifted by
5.62 mag gives a much better fit to the field stars compared
to the Hipparcos value.
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Fig. 3. Color-magnitude diagram of the selected field stars with −0.10 < [Fe/H] < 0.12 and σ(π)/π < 0.05 (empty circles),
compared to the Pleiades (filled stars) (excluding the likely non-member) adopting the distance modulus of 5.62 mag, which
make the Pleiades MS match the ZAMSField. The solid line is the polynomial fit to the Pleiades MS, and the dashed line
indicates the location of the Pleiades MS according to the Hipparcos distance.

2.3.2. The age range

The age of the field star sample which is used to deter-
mine the Pleiades distance modulus is analyzed by plot-
ting isochrones of different ages together with the field
stars.

The isochrones used are taken from Lejeune & Schaerer
(2001), those they denote as “basic grid” with solar
metallicity. The effective temperature coming from the
isochrones is transformed to the (b − y)0 color index by
the calibration of Alonso et al. (1996) using a mean value
of the c1 index in their Eq. (9). The possible systematic
error in (b − y)0 from this transformation is of the order
of 0.02 mag.

Figure 4 shows the field stars in the color-magnitude
diagram and five isochrones of ages: 100 Myr, 500 Myr,
1 Gyr, 1.5 Gyr, and 2 Gyr. It is evident that the sam-
ple of field stars contains many stars with ages below or
around 1.5 Gyr, which are all the stars at the left side
of or around the 1.5 Gyr isochrone. Since we safely can
assume that the age of the field stars is distributed uni-
formly in the plotted color range there must also be many
field stars of ages around or less than 1.5 Gyr at the right
side of the plot say in the range 0.30 < (b − y)0 < 0.40.
There may be a systematic offset of the isochrones with re-
spect to the ZAMSField due to systematic errors in the Teff

calibration, but Fig. 4 shows that the evolutionary effects
on the isochrones from 100 Myr (approximate age of the
Pleiades cluster) to 1.5 Gyr is rather negligible in the color
range 0.30 < (b−y)0 < 0.40. In that range we still see the
discrepancy between the position of the Pleiades and the
ZAMSField if the Hipparcos distance is adopted. Hence,

Fig. 4. Color-magnitude diagram of the selected field stars
with −0.10 < [Fe/H] < 0.12 and σ(π)/π < 0.05, compared to
five isochrones representing the ages: 100 Myr, 500 Myr, 1 Gyr,
1.5 Gyr, and 2 Gyr.

we conclude that the discrepancy cannot be explained as
due to evolution away from the ZAMS of the field star
population.

As an additional check, evolutionary tracks from
Lejeune & Schaerer (2001) have been used to calcu-
late the theoretical stellar magnitude distribution at a
given (b − y)0 in order to see how well it agrees with
the underlying evolutionary distribution of MV adopted in
Sect. 2.3.1. We assume a constant star formation rate for
solar metallicity stars over the lifetime of the galactic disk
(∼8 Gyr) in agreement with the age-metallicity diagram
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(Fig. 14) of Edvardsson et al. (1993), and a constant initial
mass function over the small mass range corresponding
to a given (b − y)0. The calculated magnitude distribu-
tion is similar to the underlying evolutionary distribution
of MV adopted in Sect. 2.3.1, i.e. with a sharp edge at the
ZAMS and a steep evolutionary fall-off. The fall-off is less
steep at the blue end of the (b− y)0 range and somewhat
steeper at the red end, and the fall-off has a tendency of
a two-step function; first a steeper part followed by a less
steep part. As discussed in Sect. 2.3.1 on page 110 this
could indicate that our fitted Pleiades distance modulus
is slightly underestimated. Altogether, we conclude that
the assumed underlying evolutionary magnitude distribu-
tion of our field stars is supported by models for the stellar
evolution.

2.4. [Fe/H] sensitivity of ZAMSField

It is known that the ZAMS locus is dependent on the
metallicity, such that low metallicity stars define a fainter
ZAMS than the high metallicity stars. To be able to
test if the discrepancies in the Pleiades distance could
be explained as a possible error in the adopted Pleiades
metallicity, we have analyzed how much the locus of the
ZAMSField changes as a function of the metallicity.

The selected sample for this part of the investiga-
tion consists of all F-type field stars in the catalogue of
Olsen (1999), which have a relative error in the parallax
measurement less than 5%. This selection gives a sample
of 2309 stars. Five plots, each representing field stars in
different metallicity intervals, are then made. The inter-
vals are ±0.10 dex wide in [Fe/H], ranging from −0.45 to
+0.15 dex, and with a 0.10 dex overlap from one interval
to the next.

Distance moduli for the Pleiades are found for the five
metallicity intervals in all three color-magnitude diagrams.
The method is similar to that presented in Sect. 2.3.1, and
the individual distance moduli from every diagram is plot-
ted together in Fig. 5. The indicated error bars in Fig. 5
are larger for the data points representing the lower metal-
licity intervals, which is a result of less stars falling in the
lower metallicity bins. By analyzing the fits to the field
star density profile of the lower metallicity intervals it was
observed that the fitting function (see Sect. 2.3.1 Eq. (8))
did not fit the left tail of the distribution as well as shown
in Fig. 2 simply because of the few data points avail-
able. Linear least squares fits are made to the result of all
three color-magnitude diagrams in the metallicity range
−0.35 < [Fe/H] < 0.05 (dashed lines), and additional fits
where the two lowest metallicity points are ignored (solid
lines).

The metallicity sensitivity from the three color-
magnitude diagrams is found to be (solid lines):

∆ 〈MV0
〉ZAMS = +0.01(9)∆[Fe/H], from β

∆ 〈MV0
〉ZAMS = −0.40(9)∆[Fe/H], (b − y)0

∆ 〈MV0
〉ZAMS = −0.76(9)∆[Fe/H], and (v − y)0.

Fig. 5. Metallicity sensitivity of the ZAMSField in the three
investigated color-magnitude diagrams: β (diamonds), (b − y)
(squares), and (v − y) (×’s). Solid and dashed lines are least
squares fits (see text).

The trend is the same for both solid and dashed lines,
though solid lines show a higher metallicity sensitivity in
(b−y)0 and (v−y)0 and no significant sensitivity in the β
diagram. We believe that the relations indicated by the
solid lines are the most correct since the lower metallicity
bins may suffer from small evolutionary effects due to a
larger percentage of more evolved stars. That the highest
metallicity sensitivity is observed in the (v − y)0 diagram
and the lowest in the β diagram is expected since line blan-
keting from the metal lines affects the spectrum more at
the short wavelengths, thus v is more affected than b which
is again more affected than y. We note that Grenon (1999)
finds a much larger shift ∆ 〈MV0

〉ZAMS = −1.67 ∆[Fe/H]
based on Geneva photometry, though the error of the
metallicity sensitivity coefficient is not given. His relation
refers, however, to early K-dwarfs and it is not clear on
which color index it is based. A direct comparison can
therefore not be made to the shifts we are finding for the
F-type stars.

Figure 5 supports that the metallicity of the Pleiades is
around the solar value as determined from the m1 index if
the adopted Hyades metallicity is ∼0.12 dex. Only for this
metallicity can we get consistent results of the distance
modulus from all three color-magnitude diagrams. The in-
ferred distance modulus is in the range 5.58–5.64 mag. We
also see that a Hipparcos distance modulus of 5.36 mag
is not consistent with one metallicity value. The (v − y)0
diagram demands [Fe/H] ∼ −0.35, the (b − y)0 diagram
[Fe/H] ∼ −0.70, and the β diagram cannot be fitted to a
distance modulus of 5.36 mag no matter the chosen metal-
licity of the field stars.

From the above metallicity sensitivity analysis one
could conclude that the β diagram gives the most reliable
estimate of the distance modulus, because it is rather in-
sensitive to metallicity deviations between field stars and
Pleiades stars, and furthermore it is insensitive to inter-
stellar reddening. It should, however, be remembered that
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the β diagram has the largest error in the distance modu-
lus determination (0.03 mag); 3/2 the size of the (b − y)0
and (v − y)0 diagram errors. If we combine the distance
moduli from all three color-magnitude diagrams the final
distance modulus is: (m − M)0 = 5.61± 0.03 mag 3.

3. Discussion and conclusion

The extensive multi color MS fitting analysis based on
Strömgren photometry (this paper) gives a Pleiades dis-
tance modulus of 5.61 ± 0.03 mag (the mean value from
all three color-magnitude diagrams), which is in very good
agreement with the distance modulus given by the multi
color MS fitting analysis of Pinsonneault et al. (1998) who
find a distance modulus of 5.60± 0.05 mag. On the other
hand, the distance modulus derived from the Hipparcos
parallaxes are all in the range of 5.33–5.37 mag, which
is not consistent with the former results, and the quoted
errors. Even if the quoted errors from MS fitting are not
representative for the actual uncertainty in this method,
it must, from the current investigation, be concluded that
the Hipparcos distance modulus is not consistent with the
ZAMS of nearby field stars (Fig. 1). Thus, either are the
Hipparcos parallaxes affected by systematic errors, which
are significantly larger than expected, or there is some-
thing unexpected about the Pleiades cluster.

If the discrepancy is caused by some anomaly of
the Pleiades, one possible explanation is the metallicity.
Extensive investigation of this possibility has been per-
formed (e.g. Pinsonneault et al. 1998 and the current in-
vestigation presented in Sect. 2.4), and from these results,
supported by the spectroscopic metallicity determination
by Boesgaard & Friel (1990), it seems very unlikely that
the adopted Pleiades metallicity around the solar value is
more than 0.05 dex from the true value. Even a deviation
of 0.1 dex is far too small to explain the discrepancy and it
would lead to inconsistent results from the different color-
magnitude diagrams. In addition, the relative comparison
between the Pleiades and field stars of the same metallicity
(Sect. 2) ensures that the possible difference in the relative
metallicities are so small that a metallicity deviation can
be ruled out. Hence, we cannot confirm the recent claim
by Grenon (1999) that the Pleiades problem is solved by
adopting a low metallicity, [Fe/H]Pleiades = −0.11, of the
cluster. Furthermore, the large metallicity difference be-
tween the Hyades and the Pleiades based on Geneva pho-
tometry, ∆[Fe/H] = 0.25 ± 0.03, is inconsistent with the
difference, ∆[Fe/H] = 0.11 ± 0.03, which we derive from
Strömgren photometry.

Another possibility is an abnormal helium abundance
of the Pleiades. To see which value of Y would be required
to change the Pleiades MS locus by 0.3 mag, a calculation
is made by Pinsonneault et al. (1998), who find that the

3 The distance modulus found by CP76, based on all 30 mem-
ber stars in their Table II, was (m−M)0 = 5.53±0.04 mag, and
by rejecting four stars, probably double stars or non-members,
their result was (m − M)0 = 5.60 ± 0.03.

value is as high as Y ' 0.37. The study of Nissen (1974)
revealed no intrinsic scatter in Y greater than approxi-
mately 10% in nearby MS field B stars; much smaller than
the 30%–40% change in Y required for the Pleiades. There
are, however, investigations which indicate large cluster
to cluster scatter in the helium abundance (Nissen 1976;
Lyubimkov 1977), and it has been suggested that this is
the key explanation to the Hyades c1-anomaly (Strömgren
et al. 1982). To test if this is the explanation of the
Pleiades problem too, an attempt should be made to mea-
sure the surface helium abundance of the hot stars in the
Pleiades and other young clusters spectroscopically.

Recently, van Leeuwen (1999) has suggested that the
Pleiades problem is caused by an age effect, and claims
that other very young open clusters show the same devi-
ation as the Pleiades. The investigation of van Leeuwen
(1999) is based on a comparison in the color-magnitude
diagram (with the metallicity-sensitive B − V color) of
nine open clusters, all shifted to their Hipparcos mean dis-
tance. But this is done without correcting for differences
in the metallicity abundances first. A test of the age effect
is made by Pinsonneault et al. (2000), based on 8 clusters
(incl. the Hyades and Pleiades) and no age effect is seen
in the difference between the MS fitting and Hipparcos
distances. If the youth of the Pleiades has a significant
effect on the Pleiades MS locus, one might also expect that
young field stars would show the same effect. The study of
Soderblom et al. (1998) of chromospherically active (and
therefore assumed young) stars gave, however, no indica-
tions of that. In our own sample of field stars very few are
expected to be as young as the Pleiades so we cannot test
the suggestion of van Leeuwen (1999). It should be empha-
sized, however, that the explanation given by van Leeuwen
(1999) of the Pleiades problem as an age effect, mostly re-
lies on the relative shift between the Pleiades and Hyades
in the temperature range where no obvious evolutionary
effects away from the ZAMS are seen (corresponding to
(b−y)0 > 0.30 mag or (B−V )0 > 0.50 mag). Furthermore,
the age explanation of van Leeuwen (1999) is in disagree-
ment with theoretical models of stellar evolution, which
predict negligible evolution away from the ZAMS during
the first couple of billion years of the lifetime of late F-type
stars (see isochrones in Fig. 4).

Some investigations give hints of spatial systematic er-
rors in the Hipparcos parallaxes which are larger than
expected (Pinsonneault et al. 1998; Narayanan & Gould
1999). In addition, there is a statistical correlation caused
by the imperfect distribution of data points over the el-
lipse described by the parallactic motion. In particular,
for a star on the ecliptic, equal numbers of measurements
should be obtained on both sides of the Sun. This was
not fulfilled for Hipparcos, and caused correlations (ρπ

α)
between right ascension and parallax (ESA 1997, vol. 1,
p. 325). Pinsonneault et al. (1998) questioned if this type
of correlation would have an effect on the parallax val-
ues. But from the extensive test by Robichon et al. (1999)
of this issue it must be concluded that the correlations
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ρπ
α do not introduce significant errors in the Hipparcos

parallaxes.
What if the whole controversy, about the Pleiades dis-

tance modulus, is caused by a real effect? What will the
effects on the MS fitting and Hipparcos results be, if the
cluster is non-spherical (sphericity has until now been im-
plicitly assumed)? The angular size of the Pleiades clus-
ter can be approximated by the size of the region cov-
ered by the member stars used in the investigation of e.g.
Narayanan & Gould (1999). This gives a radius of ∼6◦

which, at a distance of 130 pc, corresponds to a radius
of '14 pc. A typical real difference in the cluster member
distances would then be around 14 pc which corresponds
to a 1 mas difference in the parallax. There is no rea-
son why non-sphericity of the Pleiades should not be the
case. There is plenty of evidence that open clusters can be
non-spherical e.g. NGC 2264 (the Cone Nebulae), and ac-
tually Raboud & Mermilliod (1998) have shown that the
distribution of the Pleiades stars projected on the sky is
elliptical with an ellipticity of 0.17. It could be that the
cluster has a more oblong shape in the direction of the
line of sight say with a length that is twice the projected
diameter. One could then imagine the following scenario:
the first born bright stars (O and B-type) forms in one
part of the gas cloud, and they start to blow the gas cloud
in one initial direction, and therefore these stars will end
up at one end of this deformed shape (as observed in the
NGC 2264 case), and the fainter stars (F and G-type) will
form a “tail” (as an overall trend). So if we see this shape
head-on there will be a trend that the brightest B-type
stars are closer to us, and the later classes are further
away. Because the calculation of the Hipparcos mean par-
allax gives the largest weight to the brighter stars, the
result will be a slightly shorter distance than the actual
mean cluster distance (Pinsonneault et al. 1998, Fig. 20).
On the other hand, the MS fitting method relies mostly
on the fainter stars (A to G-type), which are farther away.
These stars are located in the color-magnitude diagram,
where the slope of the ZAMS is less steep, and therefore
they give the smallest errors in the distance estimates
(additionally for many clusters the hotter stars are also
evolved away from the ZAMS). So this means that the
distance found from MS fitting will be larger than found
from Hipparcos parallaxes, and possibly closer to the ac-
tual mean cluster distance. Such oblong shape of the clus-
ter, could indicate a kinematic history that does not follow
the usual assumptions, which also explains why Robichon
et al. (1999) find unusual features in the kinematics of the
Pleiades. The consequence of this is that the assumptions
used by Narayanan & Gould (1999) does not hold. One
could argue that if the Pleiades have such non-spherical
shape, it would be expected that some fainter stars (which
have larger distances) were present near the center of the
cluster in e.g. Fig. 20 of Pinsonneault et al. (1998). But if
there is a dark cloud just behind the bright stars as in the
NGC 2264 case, none of these stars will be observed.

The idea of a deformed Pleiades cluster is a tempt-
ing answer to the Pleiades problem, because it includes

most of the evidence presented in this discussion. What
is described above, as a possible non-spherical Pleiades
cluster, shall be viewed as an illustration or example of
the possible effects on the distance determination, due to
a deformed and non-symmetrical cluster. Though there
are studies of the velocity dispersion among Pleiades clus-
ter members (van Leeuwen 1994) and mass segregation
(Raboud & Mermilliod 1998) suggesting that the Pleiades
is a bound and quite relaxed system, it could be very inter-
esting to investigate the possibility of a non-symmetrical
cluster by e.g. extensive kinematic analysis of the Pleiades.
Furthermore, future astrometric space programs will be
capable of determining the distances to the individual
Pleiades stars with an improved accuracy of 2 to 3 orders
of magnitude, compared with Hipparcos. These measure-
ments will provide a very good three-dimensional picture
of the Pleiades cluster.
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