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ABSTRACT

Since the release of the Hipparcos catalog in 1997, thendistto the Pleiades open cluster has been heavily debateddigtance
obtained from Hipparcos and those by alternative methdtisrdiy 10 to 15%. As accurate stellar distances are key to staaeling
stellar structure and evolution, this dilemma puts thedigliof stellar evolution models into question. Using ourdab-independent
method to determine parallaxes based on twin stars, wetripglividual parallaxes of 15 FGK type stars in the Pleiadeatritici-
pation of the astrometric mission Gaia. These parallaxes gimean cluster parallax of42 + 0.09 mas corresponding to a mean
cluster distance of 138+ 1.7 pc. This value agrees with the current results obtained stllar evolution models.
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Clll. Introduction 2007 Perryman 2008van Leeuwen 20Q9%almer et al. 2014
®) . . L while other methods mainly using theoretical modelling-est
< Open clusters like the Pleiades are of vital importance for Opate 5 distance of approximately 134 pc, i.e. a parallax
+— understanding of stellar evolution theory because of tserap- ot apout 746 mas. These methods include: isochrone fitting
% tion that stars form in groups within a common molecular leU(Pinsonneault et al. 199®ercival et al. 2005An et al. 2007,
> Since clusters are composed of many stars, which are assomegdhnirical main sequence fittingello & Nissen 200), astro-
have the same chemical composition, distance and age,ut fetric solutions that are alternative to Hipparcodakarov
\J ferentinitial masses _and therefore r_eS|d|ng ﬁ’e_tdent evolut!on- 2002 Soderblom et al. 2005analysing spectroscopic binaries
= ary stages, they are ideal laboratories for testing steValution  (\jynari et al. 2004 Zwahlen et al. 2004Valls-Gabaud 2007
L) models. An important output from these models is the inirinsG penewegen et al. 20pRan et al. 2004and long baseline in-
«—] luminosity of a star. Given the theprencal luminosity ahe t terferometry [elis et al. 2013 A recent comparison between
observed flux, the model can be calibrated to a star once $he ¢hem can be found iMelis et al. (2014 while an extensive

() tance of the star is known. This is because the observed flax @fiscussion on the Pleiades distance controversy Reimyman
star is proportional to the luminosity and inversely prdjmoral (2009.

; Jothe dlst_ance. - . Recently, we proposed the twin method as a robust method
) The Hipparcos missiorE5SA 1999 measured to a high accu-, getermining stellar distancedd(ré et al. 2015pthat is in-
racy trigonometric parallaxes of about 120 000 stars in &S genendent of stellar modelling. It assumes that if two stars
neighbourhood. In fact, one must be aware that the _Co_nqephf’ﬁifferent locations in the sky have identical physical proper-
.. 'stellar distance measurements’ from Hipparcos or Gamastt e then they are stellar twins. Theffdience in their appar-
= rect, as the distance is not a true astrometrical observable o prightnesses is directly related to théetience in their dis-
'>2 measured quantity is the parallax, which is a annual angular 3nces. By knowing the distance of one star (e.g. from a Hippa
. variation of an object with respect to distant stars and #1@lp g parallax), it is then possible to know the distance dfits.
(g laxis related to the distanceof that object byd = 1/w. As the underlying assumption is that twin stars are phyisical
For most of the nearby open clusters, such as the Hyadggntical, therefore both stars must have the same spetti.
the distances obtained from Hipparcos parallaxes agreke Wglin method involves only observational quantities (thpament
wnh those inferred from_ stellar evolution models. For thBrightness and the observed spectra) in the distance daterm
Pleiades, however, the Hipparcos parallax.B28& 0.13 mas tjon. This is a great advantage compared to non-astronusric
corresponding to a distance of 12C: 1.5 pc (ian Leeuwen tance determination methods relying on stellar evolutioaets
and is therefore a powerful independent technique for esing

Send offprint requests to: ) _ the distance of this important open cluster, provided spemit
T fMa@fj'er' e-mail: . tm513@cam.ac.uk P. Jofré, e-mail: plejades member stars are identical to spectra of field witlrs
pjofre@ast.cam.ac.u

* Based on data products from observations made with ESO Te?ec_curate parallaxes.

scopes at the La Silla Paranal Observatory under progranbne | A Summary of this idea is illustrated in Fid, in which the
096.D-0402(A). Table 3 is only available in electronic fomn the SPectraof some of the field stars with accurate parallaxedda

CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.795)28¢ via at different parts of the sky is identical to some of the spectra of
httpy/cdsweb.u-strasbg/fgi-biryqcat?JA+A/ Pleiades stars located afféirent parts of the HR diagram. One

Article number, page 1 of0


https://core.ac.uk/display/162915565?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://arxiv.org/abs/1606.03015v2

. . .
- . . Pleiades cluster o |
| - + H —

20 + L L ¢ a0 O, * . Hipparcos stars + |7
+ . ‘
o' F T Jg». Foosm +4 * '+ «|Twins of Pleiades stars O |
Fos s . i
[0} L+ + . el 1 £, L + ¥ + -
Qo of+ * .§.’ o oy S + o A "* s <} :&”“f
8 ST 2 + ‘t»v’ﬁ“*;«* o 4&»»{* M e *;’:¢§+ |
|l gt .+ s Bt + + + Wt 4 F + + oo+ —

S, 20 ;’; *3 oE EAR A ”:t‘* ?.“f’ * »‘E# R AT L s §$‘4 W :’ 3

_ . ]
c o “,&, + :#» ’¢*’ + s ﬁf’ b4 ”§§ e+t N ¥ . PR " *:’ : * |

g C : s " * *"‘* "% *4-& + 4+ * 0‘“’ i ’v‘ :n» }" 3‘ A % ‘, A

et — + +, + Ty + ]

= L Lt + + . LA Ty A, R

8 ER e, : ty Fa 2 o st ”ﬂ ; - PR AU T N g ¥
L+ .t . + K + + . 14 vy * + T+ g . . + +—
o -60— + +* pd + 4 A e o 4 T ot LA T =
4 L+ + =2} + e +
F + + ++ oy + + + * ++ * -
L. - + A O + M + + —
L+ o4y + Lt . 5 * + P |
_80 % * * * + + " + . + —]
C. ]
270 0 90 180
Right Ascension [degrees]
6 T L L e L s L
. Pels174HIP5708 (136.6 pc)
Pels140/HIP22844 (135.0 pc)
7L R o r 1
© e I Pels35/HIP1825 (128.0 pc)
= o e
© s , , F il
£ R Pels17/HIP36312 (133.7 pc)
— @
E o Xt ]
r @ =
P o T HII3179/HIP3466 (136.4'1 pc)
B
2 o B =l |
S ) »
c o5 2 Pels15/HIP1481 (133.3 pc)
% ® @,’-%{ - 'S j
1= @s O . g r 7
= or ,q&o - B § HII2506/HIP490 (134.6 pc)
o L R
a ",@?% r N
o o B ] HII1215/HIP25002 (133.5 pc)
g_ -%@‘P\\
10} ] HII1593/HIP116819 (135.9 pg)
x Seven Sisters DANCe AN . HI12311/HIP14684°(132.3 pc)
o HARPS observations AV ,
A Twins of Hipparcos L { B
11 ‘ ‘ ‘ ] Y | ‘ ] Y | ‘ ] Y | ‘ ) Y
-0.10 -0.01 0.07 0.16 0.25 516 517 518 519 520
colour (H-Ks) [mag] Wavelength [nm]

Fig. 1. Aniillustration of the twin method applied to the Pleiadasstér. The coordinates of the stars used in this work are istothe upper
panel. The blue circle represents the location of the Pésiatuster, the black crosses are the reference Hippartwsties and the black squares
are the twins of the Pleiades stars found in the field. Theobotéft panel shows the color-magnitude diagram of the Bésiaincluding the stars
of the Seven Sister DANCe catalogugo(ly et al. 2015 for reference with crosses. Circles correspond to thes starwhich we took HARPS
spectra, and the red triangles correspond to stars wittstivithe field. A selection of Pleiades members witffiedent spectra are shown around
the Mg | triplet in red in the right bottom plot, together withspectrum of a twin in the field as a dotted black line. The nafrtbe Pleiades
star and its corresponding twin are indicated, as well agistsnce. Fast rotators are Pels 17, Pels 35 and Pels 174 igtgeen in the greater
broadening of their lines.

can measure the distance of each of the Pleiades spectioscegttions taken by ourselves during 4 nights November 2018 wer
twins independently. In this paper we present in detail gor p considered in this analysis.

cedure and discuss our results for the distance of the Rieiad . . .
The new observations contain spectra of 23 stars in the

Pleiades field, which have spectral types FGK. This spetytpoal

is important for enhancing the chances to find twins in the-sam
2 Data ple of field Hipparcos stars available in the HARPS archive,

which is composed mostly by FGK solar-type stars. Among
The spectra used in this work were taken by the HARPS instithese 23 stars, 11 have Hipparcos parallaxes. The appaagat m
ment, which is fibre-fed by the Cassegrain focus of the 3.Gmtudes of these stars vary fromh = 7 to 11 mag and in or-
telescope in La SillaNlayor et al. 2008 The spectra were re-der to achieve a signal-to-noise (SNR) above 50 required for
duced by the HARPS Data Reduction Software (version 3.1).al accurate analysis, the exposure times of these starsinere
combination of data taken from ESO public archive and obséie range of 1-2 hours. In several cases, shorter expostires o
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T. Madler et al.: Twins of the Pleiades

starname 1] star name 2 @2000 02000 my RV w €y SNR
mag [kms1] | [mas] | [mas]
T Pels 6 T HIP 16639 | 0334 07.31] +242040.0| 9.61 1.03 | 6,58 | 1.38| 29
Pels 15 HIP 16979 | 03382257 +222958.86| 9.81 | 652 | 6.08 | 1.82| 84
Pels 17 HIP 17091 | 033941.17| +231727.1| 993 | 544 | 11.82| 1.94| 94
Pels 18 HIP 17044 | 033913.47| +24 2759.49| 10.42| 4.93 | 10.19| 2.19| 77
tPels25 | t+HIP 17125 | 0340 03.08| +274425.83] 956 | -259 | 9.19 | 1.66 | 55
tPels26 | t1HIP 17481 | 0344 44.85| +204452.81| 8.73 | -3.88 | 9.44 | 1.03| 71
Pels 27 THIP 17289 | 034204.72| +225130.82| 9.16 | 429 | 7.65 | 1.50| 91
Pels 35 HIP 17316 | 034223.99| +21282457 985 | 7.34 | 7.27 | 1.59| 121
tPels42 | +BD +25610| 0345 45.12| +253544.81| 10.25| -1.07 80
+Pels70 | t+HIP 18154 | 035253.47| +244256.62| 9.48 | 0.29 | 10.13| 1.66| 77
+ Pels 86 T HIP 18544 | 0358 01.69| +204036.48| 9.37 | 10.34 | 820 | 1.44| 90
Pels 140 HIP 17511 | 034458.92| +220156.82] 9.43 | 5.80 | 10.67| 1.37| 101
Pels 174 HIP 18955 | 040344.17| +225639.40 9.67 | 6.71 | 588 | 1.26| 61
HIl 430 0344 43.98| +241352.36| 11.4 | 4.96 59
THII948 | 1 BD +22549| 0346 12.69| +23 07 42.74) 8.67 | -6.50 37
HIl 1215 BD +23527 | 034653.75| +233500.81| 10.6 | 6.21 112
HIl 1593 0347 48.08| +231305.11| 11.2 | 7.23 65
HIl 1794 BD +23550 | 034817.12] +235325.4| 10.2 | 5.63 64
HIl 1924 0348 34.52| +232605.3| 10.7 | 5.83 96
HIl 2311 034928.74| +234244.1| 11.36| 5.65 80
HIl 2506 BD +22 574 | 034956.49| +231307.03| 10.2 | 6.03 80
HIl 3179 BD +23 573 | 035156.86] +2354 07.08| 10.07| 5.55 94
+ BD +20594 | 03 34 36.24| +203557.45| 10.85| -20.35

Table 1. Name, coordinates, apparent magnitudes in the viiSakc radial velocity, parallax and its standard error accordongan Leeuwen
(2007 and SNR of the Pleiades stars analysed in this work. Stdhsiwvere rejected.

about 10 minutes were carried out before these long-timerebdra were normalised by fitting cubic splines to the pseudo-

vations to reject potential spectroscopic binaries shgwlivuble continuum, corrected for radial velocity by cross-cortiela

spectral lines. All observations for each star were stacisiuly  with the solar atlas oflinkle et al.(2000, cleaned from cosmic

iSpec (Blanco-Cuaresma et al. 2014 he basic information of and telluric lines, sampled to common wavelength ranges and

the Pleiades targets can be found in Table smoothed with a gaussian kernel to a lower resolution of(@,0
The spectra of Pleiades stars were compared with a refereAtbough reducing the resolution is not imperative, the stho

sample of HARPS spectra of field stars that have accurate Hjpectra had fewer data points yet very high resolution &tigw

parcos parallaxes. Most of the Hipparcos field stars werentakus to resolve the key spectral lines under study and perform a

from our previous work on twin distancedofré et al. 2015} faster pixel-by-pixel comparison of the entire dataset.

which were selected by cross-matching against the HARPS

archive. The cross-matched 664 stars were required to lsave e ) )

timates of FGK spectral typ&Spubiran et al. 200In addition, 2-1. Selection of Pleiades members

we requested 62 stars from the ESO archiivetich matched the We assess the question on the cluster membership of the stars

photometric properties of the Pleiades targets. Finall@ Hip- in the Pleiades field by comparing their radial velocitiehjch

parcos targets that were not observed so far with HARPS wep listed in Tablel. We considered the radial velocities deter-

added to the reference sample and observed during the Sameylif o 4 \yithi spec, which was also used to process the spectra of

as the Pleiades observations. They were selected to hal@rsimy " tcronce dataset. The Pleiades cluster has a rachaityel

photometric properties as thg Pleiades targets, as a wavto %f approximately 5% kms* (van Leeuwen 2009 According to

more opportunities to find twins between both_ samples. Th value, the stars Pels 6, Pels 25, Pels 26, Pels 42, Pels 70

stars are very brlght and as_such,_exposures times of a_r(_ﬁm% Is 86, HII 948 and BD‘26594 are ,not consi,dered mémbers

minutes were siiclent to achieve high SNR. The_ two addition f the cluster and were rejected from further analysis. Afies

requirements of a non-saturated photometry in kh@nd Ks 0 perehip classification we have in total 15 Pleiades mesnbe

band and a standard error of the Hipparcos parallax smhﬂertf r the twin distance determination

7% reduced the reference sample to a total 598 stars. Tlre refe '

ence sample, which includes the name, coordinates, malgnitu

and parallax of the stars, as well as SNR, the date of HARPS @bz, summary

servation and the programme ID in which the data were taken,

can be found in TabA. 1. The twin method was applied to a sample of 613 FGK stars hav-
The dataset was prepared for analysis usisigec function- ing high-resolution spectra and non-saturated 2MASS pheto

alities resulting in a homogeneous set of spectra. The spt¥-(Skrutskie et al. 2006in the near infrares andH bands.

The sample contained 15 Pleiades members and 598 fields stars

distributed over the whole sky each with a Hipparcos paxalla

! request number 192955
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with an accuracy of better than 7%. The Pleiades spectra were
compared to the entire sample of field stars to search fonpote
tial stellar twins.

(plx_twin/plx_hip)

3. Method

In order to analyse homogeneously the slow and fast rotating
stars in the Pleiades, we adopted a procedure to determime tw
distances by comparing the spectra pixel-to-pixel rathan us-
ing equivalent widths as idofré et al.(2015). The use of
equivalent widths for high precision studies of solar twimsthe
determination of chemical abundancéde{éndez et al. 2006
Datson et al. 201;4Nissen 2015Spina et al. 201)6is very com-
mon and has shown to be very powerful, but it reaches its limi-
tation for fast rotatorssini > 20 my/s). In our sample we have
such fast rotators and therefore we developed a new progedur ?
for this purpose. Key to this method is to take th&atence o el e
of two spectra and evaluate the standard deviattoof these 0.00 005 010 o 015 020 025
differences. In this section we explain in detail our procedure.
Fig. 2. The behaviour of the ratio of twin parallax and Hipparcos par
allax as a function of- using the Hipparcos reference sample. The inlet
3.1. Twin distance determination shows a zoom of the region of the plot at low The horizontal lines

. N . represent the range of 10%fldirence in parallaxes while the vertical
In the absence of interstellar extinction, there is the dkettwn .20 o1 e o6 = 0.015.

relation between the apparent brightnessand fluxes,F, be-
tween two stars,2:

101 o5 i

(pIx_twin/plx_hip)

F1 Note that the last equation only involves observable qtiasti
—mp=-2. — 1 . 4 A
My —m = ~2.510G;0 ( Fz) @ Thus, our expression to determine twin parallaxes has tine fo
As the flux is a function of the luminosity and the distancd
of a star, i.eF « L/d?, we have F Hl*H2*RK[(H*Ks)r(H*Ks)zl)
q L wy = w1 X 10 (6)
1 1
m —np =5 |0910(d—2) —-25 |0910(L—2) (2) where we determined the unknown parakaxgiven the knowl-

edge of the reference parallax and photometry in thél and
The main assertion of the twin distance determination i$ th&s bands of the stars labelled with 1 and 2, respectively.
twins have the same intrinsic physical properties. Theegfoin
stars must have the same intrinsic luminosity and consdlyuen ) o
the second term on the right hand side of E2).v@nishes. An- 3.2. Spectral analysis: Assessment of spectral similarity

other further consequence is that twin stars must have the saye compared each spectrum of the reference sample with each
intrinsic colour, allowing us to use theftéirence in observed of the 15 Pleiades spectra around 423 atomic transitiotesilis
colour as a proxy for interstellar extinction on the obsém®g- in Jofré et al.(2014 for Fe and inJofré et al.(20153 for Mg,
nitudes Si, Ca, Ti, Sc, V, Cr Mn, Co and Ni, which have been used for
_ _ _ _ _ (B the abundance determination of the Gaia benchmark stags (se
E(B-V)1 - E(B-V)z = RVI(B- V)1 - (B-V)al, 3) alsoHeiter et al. 2015Hawkins et al. 2016 Furthermore, the
whereRy is ratio of the of total-to-selective extinction in filterstrong features of the wings of the Mg | b triplet and the Balme
V, andE(B - V) is the de-reddening. Part of the Pleiades cluines Hx and H3 were also taken into account. These spectral
ter is known to be obscured by the Merope Nebula, producingegions are known to contain information on the stellar atmo
reddening that is not constant to all stassgffer & Hartmann spheric parameters and therefore are well suited to adsess t
1987. Such errors due to extinction can be minimised by utibverall equality of spectra of FGK stars.
ising apparent brightnesses in theand K; filters of 2MASS In theory, twin stars have identical spectra. In practibes t
while having the further advantage of employing a fully hemaloes not happen because the spectra have noise and aresdbserv
geneous sample for the photometry. In these filters, we denginder diferent conditions for dierent starsKatz et al. 1998
eredRg [(H — Kg)1 — (H — Kg)2] as a proxy for extinction, with Soubiran et al. 2003 Thus, critical to this work is a parameter,
Rk, = 0.3 according tovuan et al.(2013. Including this colour which we callo, to address the similarity of the spectra such
correction, twin distances can be determined from theioflg that the twin parallax formula of Eq6) is satisfied within an

equation accepted error in stellar distance. We definas the standard
d deviation of the pixel-to-pixel dierence between the spectra in
Hi— Hy — Re[(H = Kg)1 — (H = Kg)2] = 5 |0910(—1) , (4) the regions mentioned above. The smaller the value,dhe
dz more similar are the two spectra.

Since for the reference stars we have direct measuremetfis of Ve investiggted the thresho_ld forsuch that we obtain 10%
parallaxw = 1/d, we write Eq.4 as error for the twin parallax. This threshold was found by com-

paring the spectra with the twin distances of the entireddta
@2 of reference field stars with known Hipparcos parallaxesatTh
H1 = Hz = Re[(H = Kg)1 = (H = Kg)o] = 5 |0910(;1) ) is, the ratio between the Hipparcos paraltayr and the twin
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Fig.3. Inboth panels, the pink band represents the values of thearips solution within its margin of error while the yelloarid represents the
range of the alternatives to Hipparcos. The upper panelsstiee parallaxes of the 57 field twins of each Pleiades mestrézd by decreasing
brightness, while the median and dispersion of the final tyirallaxes are illustrated with the blue line and band, eetigely. The lower
panel displays the averaged individual twin parallaxesgltiangles), Hipparcos parallaxes (red squares, HIP yltB& alternative astrometric
solution of Makarov 2002 (cyan diamonds, HIP M02) and the parallax measurementthétiHubble Space Telescope 8iderblom et al. 2005
(pink star, S05).

parallax@,in was related tar for each pair of spectra in the 3.3. Uncertainties
data set. This can be seen in Figwhere we plot the ratio of
the parallaxes obtained from Efjand the Hipparcos parallax a
a function ofo for the set of field stars. We found that when
pair had very dterent spectra then the value®fwas high and

the value @ip/@win) Was also very dierent from unity. Inthe ) - peference parallax : Our reference sample is comprised of
same way, if the spectra were very similarhad a low value o)y harallaxes with accuracies better than 7% and typicall
and the ratio between Hipparcos and twin parallax was close t ot 3 504, therefore the traditional law of error propagation
unity. can be approximately applied in our case. An uncertainty in
the parallax associated to the reference star was prophgate

Figure2 shows that forr < 0.015, a typical errorin parallax 0 the twin parallax followingJofre etal.(2015h.  As
does not exceed 10%. We refer to this parallax etNet. as discussed in that paper, typical propagated errors areeof th
the error of the twinness, i.e. the relative ertar, /o < 0.1 order of 5%.
for o = 0.015 (see below). This error is competitive to typical ) )
errors estimated using isochrone fitting when internaksystic 2- Photometry : In our sample, the median errors in the pho-

errors on the models are neglected. The advantage heret is thal0Metry of the stars for théi andKs band are of 0.03 and
no stellar evolution models are required. 0.02 mag, respectively. ldofré et al.(2015) we showed

that this introduces a negligible error in the final results o
less than 1%.

SBelow we summarize the sources of uncertainties involved in
éhis work regarding our distance determinations.

Hence, requiring- < 0.015 for the Pleiades-field pairs yields
individual parallaxes to the Pleiades targets with expketeors 3. twinness. The error of the twinnesAw,, /w arises because
of 10%. Note that this includes both the twin assumptionrerro the stars may not be exact twins and because the spectra
and the errors of the Hipparcos parallax. have noise due to flerent observational condition. The
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Parallaxes for individual Pleiades stars
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Fig. 4. The parallaxes of 54 Pleiades stars of the Hipparcos salatie indicated with black crosses. The mean and standaratidenvof these
Hipparcos parallaxes is shown by the grey band enclosed logteddliine. Eleven of the Hipparcos stars have HARPS spactiahave been
analysed in this work (red squares). Our results are inglicafith blue triangles. The standard deviation of theseegmhre shown with the blue
band enclosed by the blue line. The pink band representsatbies/of the Hipparcos solution within its margin of erroriletthe yellow band
represents the range of the alternatives to Hipparcos.

latter was minimised by requiring high SNR of the observadultiple partners should also be twins with each other. Wa-co

spectra. As explained in the previous section the error péred their Hipparcos and twin parallax and found an agree-

the twinness is less than 10% when choosing 0.015in  ment of better than 10%, which is consistent with the uncer-

the comparison of the spectra. tainty obtained from the selection of. This comparison be-
tween the Hipparcos field stars implies that the referencalpa

4. Multipletwins: If one star has more than one twinffdrent lax of the field twins are accurate. It further confirms thelgsia

values for its parallax can be estimated using each of theféim et al. (2016 who found that Hipparcos parallax to FGK

twins as reference. This gives a distribution of almost ifield stars similar to Pleiades member stars are in good agree

dependent parallax measurements, with an associated mmant with stellar models.

with its standard error. This uncertainty is dependent en th

number of twins found for a given star, where the larger the

number of twins, the more accurate the distance. 4.1. Parallax of individual Pleiades stars

In summary, if several twins are found for a target (Whicﬁlg_ureS shows the parallax of mdmdual _Plelades stars, in
applies to the case of the Pleiades) the reported standars efVhich our results are compared with the literatukéakarov
correspond to the statistical error (Point 4). If only onéntie 2002 Soderblom et al. 20Q5van Leeuwen 2007 The star
found, then the reported standard error corresponds tgtiees  H!l 3179 has been analysed I8oderblom et al(2009 who

root of the quadratic sum of the uncertainties explainecbin® Performed parallax measurements using the Hubble Spaee Tel
1,2 and 3. scope. Our twin parallax and the parallax fr&woderblom et al.

(2009 are in excellent agreement at 2%. This is encouraging
given that these works are independent.

4. Results It is important to remark that not all the Hipparcos parallax
Applying the cut of- < 0.015 to the dierence of the speCtrameasurements have the large error bars of the Hipparcas star

of the 8970 Pleiades-field-star-pdinesulted in 57 twin pairs S1OWN in Fig.3. Indeed, several brighter Pleiades members

which are listed in Tabl€. These pairs were used to determing3V€ significantly more accurate measurements. We show in

the individual parallaxes of the Pleiades members, whieh gr'd: 4 our Pleiades twin parallax with Hipparcos parallaxes of
indicated in Table3. Most of the Pleiades targets have mora# Pleiades stars that are usually considered for the astriom
than one partner in the field. As multiple twins to an indivigSo!ution (.g.Makarov 2002 van Leeuwen 20Q7Palmer et al.

ual Pleiades star must then share the physical propettieset 20149  The bright starsf < 7 mag) have accurate Hippar-
cos parallaxes with a low star-to-star scatter &f fhas with an

2 The number is the product of the number of 15 Pleiades star§gh averaged parallax of.86 + 0.09 mas (Fig4), suggesting that
field stars. these may be better candidates for comparison. Howevaer, thi
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is currently not possible, since these stars are mainly ohd a
B spectral type, to which the twin method is much morgidi 6oor ' ' ' -
cult to apply. First, the HARPS public archive contains rhain . A SIO&?; 8%883%
FGK stars spectra due to the bias towards searching for exo- - 1
planets around solar-like stars. Indeed, for the AMBRE gubj 400 A 7
(De Pascale et al. 20170% of the HARPS archive were found I ]
to be FGK stars while the remaining 30% were either binaries,
had too low signal-to-noise or were outside the FGK-paramet
space. Second, 20% of the brighter Pleiades stars are edétier
able or binary stars, so their photometry could not be useé+o
termine their distance with the twin method. FurthermorB, A [ .
stars are more massive than FGK stars and so have faster evo- O_ S-S
lution implying that there are much fewer AB stars in the sky
compared to FGK stars. However, the twin method can poten- :
tially be applied to any spectral-type, provided a goodnesiee 200 : : : :
/ . ) 110 120 130 140 150 160

sample is available, as was recently shown for twin supe@ov distance [pc]
(Fakhouri et al. 2016

For fainter starsfl > 7 mag) the situation in Fig4 is 0.3C . . . .
very different. The Hipparcos parallaxes have large star-to-star : slope: —0.000583592
scatter of up to B mas while the twin parallax show a scat- : err: 0.000975693
ter of around 84 mas. For further comparison we calculate the
weighted mean parallax of the Hipparcos stars witls 7 mag.
Taking the weighted mean is preferred because the paraitax e
mates of Hipparcos correlate with the errors of the measeinésn
for fainter stars\an Leeuwen 20022009. The weighted mean
parallax obtained for the faint Hipparcos stars.i3/& 0.20 mas,
which still agrees within the errors of the value obtaineaffthe i
bright stars. In turn, calculating the weighed mean of thexis ook
parallaxes gives a value of42 + 0.09 mas. : A

Since the literature regarding the Pleiades controversy is ; I
more commonly discussed in terms of distances in parsecs, we  _j,f L Lon L L ]
transform our results of the individual parallaxes and meam 110 120 130 140 150 160
allax of the cluster to distance usidg= 1/w. Due to this non- distance [pc]
linear relation it is clear that a parallax with a symmetnicoe
results in a distance with an asymmetric error. A recentutisc Fig. 5. The diference of the Li equivalent widths and depth as a
sion on how parallaxes, distances and their errors aresretain function of distance for the Pleiades-field twins. The ree lindicated

be found inBailer-Jone¢2015, where the standard error prop_the linear fit of the data, with the slope and error of slopécaied in the
agation law of ' legend. No correlation betweerfiirence of Li abundance and distance

has been found.

200 T

EW(Li) (PLEI - HIP)

0.2F .

0.1F .

DEPTH(Li) (PLEI - HIP)

d+Ad= 1 + A—zz , (7

that a strong Liline indicates young stars. Usiisgpec, we mea-
for translating errors in parallax to errors in distance ealy be  sured the equivalent width and the depth of tha&707A line in
used when the error of the parallax is less than 20%. As beth Bur sample of twins and correlated theiffdience with distance
derived twins parallaxes and the weighted mean parallar ha¥ee Fig5). A linear fit to the data was performed, showing no
relative errors well below 20% we are can apply.(The indi- indication of systematic éierence in distance for stars present-
vidual distances of the Pleiades members and their erredist ing same or dferent Li abundances (see alson et al. 2016
played in Table8. Our main result is thus that the weighed meafr a discussion on Li abundances of field stars with same pho-
parallax of the 15 stars obtained with the twin method yieldstometric properties as Pleiades member stars). Thus baoigyo
distance of 138+ 1.7 pc to the Pleiades. and older twins give the same result, showing théfiedéntial

age dfects are not significant in the method.

4.2. Lithium

In our comparison of Pleiades and field stars the issue ofi&ge g Conclusions

ferences adding systematic uncertainties in the distagi@emi- |n this paper we have applied the twin method to determine dis
nation arise, because the cluster stars are all young viieilield  tances of the Pleiades in a model-independent way. Our re-
stars have dierent ages. Ivan Leeuwer(2009 it was shown sult of 1348 + 1.7 pc, based on Hipparcos parallaxes of field
that the colour-colour diagrams of the Pleiades and othengo stars, disagrees with the value directly derived from Hippsa
clusters were dierent with respect to the Hyades, suggesting arallaxes of Pleiades membevsuf Leeuwen 20Q7Perryman
intrinsic difference in the luminosity and therefore distance modo0g van Leeuwen 20Q9%almer et al. 2014but it is in good
ulus due to age. In order to study this potential systematic dagreement with the value provided by the model-based meth-
ference with our method, we looked at thet6707A line in our ods mentioned earliefP{nsonneault et al. 199%ercival et al.
spectra, taking into account that Li abundances can be ise®@05 Valls-Gabaud 2007Groenewegen et al. 200Pan et al.

an age-proxyJackson & Jries 2014Kim et al. 2016, namely 2004 Melis et al. 2013. Since most of these methods (except
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star name 1 Hipparcos name of twin candidate in the field

Pleiades member

Pels15 HIP43299, HIP1481, HIP3924

Pels17 HIP43299, HIP36312, HIP2751, HIP3924, HIP2724

Pels18 HIP6572, HIP95149

Pels35 HIP1481, HIP1825

Pels 27 HIP5099, HIP41282, HIP17838, HIP18658, HIP29932, HIP1P87

Pels140 HIP22844, HIP1427, HIP37844, HIP46934

Pels174 HIP41282, HIP5709, HIP7443, HIP20350

HI11430 HIP14684

HI11215 HIP3203, HIP41587, HIP109110, HIP25002

HI11593 HIP116819, HIP48141, HIP38041, HIP91700, HIP107805

HI11794 HIP95149

HI111924 HIP490

HI2311 HIP14684

HI12506 HIP490, HIP1825

HI13179 HIP33212, HIP112117, HIP72134, HIP45685, HIP38765,
HIP413, HIP5280, HIP26722, HIP4747, HIP5806,
HIP23128, HIP108859, HIP115803, HIP116106, HIP3466, 30PE!

Table 2. Pleiades member stars and their twins in the field.

star name| Hipparcos| € d e #

name | [mas] [mas] [pc] [pc] twins
Pels15 [ HIP16979] 7.31 0.10 136.80 1% 3
Pels17 | HIP17091] 7.26 0.17 138.13 3%¢ 5
Pels18 | HIP17044] 750 0.82 136.69 "1:2> 2
Pels27 [ HIP 17289 7.53 0.19 133.46 35 6
Pels35 | HIP17316] 7.94 0.15 126.00 *2% 2
Pels140 | HIP 17511 7.40 0.24 135.75 724 4
Pels174 | HIP 18955| 6.86 0.16 146.10 ‘3i1 4
HI1430 746 0.84 134.06 7322 1
HII1215 7.42 017 13509 58 4
HI11593 747 022 13448 357 5
HI11794 875 0.98 11423 1% 1
HI11924 6.98 0.78 143.23 1% 1
HII2311 752 0.84 133.04 ‘a5 1
HI12506 718 020 13953 3% 2
HII3179 752 012 13347 5% 16

Table 3. Our determinations of parallaxes and distances togethartieir error of the individual Pleiades members with twémdidates in the
field. The Hipparcos name is given if known.

Stello & Nissen 2001 Makarov 2002 Soderblom et al. 2005 for which there is a high resolution spectrum. Nevertheless

Melis et al. 2014 use stellar evolution models in their distanc&rger telescopes are being constructed, such as the 49-Fet

determination and because our observed stars are FGKatiarsELT, will give us high resolution spectra of very faint statshe

derived value implies that the current stellar evolutiondels outskirts of our Galaxy and beyond. These ground-basediinst

for FGK stars in the Pleiades are accurate. ments will provide new opportunities for complementing &mi
Very soon the parallaxes from Gaia will confirm whether oustrometric solutions and so to continue to climb the costisic

prediction for the individual distances of the 15 Pleiadasssis tance ladder with stellar twins.

correct, showing the power of the twin method in complement-

ing Gaia and calibrating distance scales. The Gaia DateaRele

! Wi” probably also show if -the Star?to-Star disper_siontlme Acknowledgements.  We are grateful to the referee U. Bastian whose comments

fainter Plelade_s targets remains. It_WIII further Cor,‘f'rm‘?mer helped to significantly to improve the article. It is our meee to thank T.

the Pleiades distance controversy is a matter of individig! Masseron, Q. Kral and A. Bonsor for fruitful discussions ba subject. This

tance accuracies, cluster morphology, astrometry, orfipeox- work was partly supported by the European Union FP7 progrartirough

imations in stellar evolution models. In this study, a dis& Egﬁt ggg gg;“zbgz 132%3;16;%(1 gﬁ ‘é‘gtgcok&g‘i"r’]':ggffjm'-a’:rgg'ggcmﬁsz

estlmat_e to some of the mosm”'t Hipparcos targets Wlthm Ig:acility and on data. ;I'his research has made use of the SIMBADWEBDA

the Pleiades has been determined. At the end of the Gaia rgigsbase..

sion, accurate parallaxes will be available for almost ya&tar
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Appendix A: Data of field stars

The information of the Hipparcos field stars used in this work
is contained in TabA.1. The name and coordinates of the stars
are given, as well as the 2MASS photometry with its quality
flag, the Hipparcos parallax froman Leeuwer{2007), the SNR

of the spectra, the date in which the spectra were taken and th
program ID.
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star RA [deg] DEC[deg] H[mag] K[mag] @[mas] ew[mas] SNR date-obs Program ID 2MASS Flag
HIP100233| 304.938589 -25.228242 5.86 5.76 24.85 0.65 240.30 200%07-072.C-0488(E) AAA
HIP101345| 308.097964 -9.8536410 3.91 4.00 40.98 0.33 352.30 2011609-183.C-0972(A) DDE
HIP101346| 308.099775 6.51751652 7.17 7.10 10.07 0.84 127.90 20QuU?709-072.C-0488(E) AAA
HIP101785| 309.431044 -22.442887 6.35 6.31 19.27 0.67 144.25 2012905-087.C-0831(A) AAA
HIP101806 | 309.466397 -60.634323 6.12 6.03 20.01 0.66 234.35 200B805-072.C-0488(E) AAA

Table A.1. Properties of reference field Hipparcos stars used in tiipka A full version of this table can be found in electrordcrhat.
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