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ABSTRACT

Context. Rapidly rotating, low-mass members of eclipsing binarytesys have measured radii that are significantly larger thadigted by
standard evolutionary models. It has been proposed thatetiagctivity is responsible for this radius inflation.

Aims. By estimating the radii of low-mass stars in three youngteltss(NGC 2264, NGC 2547, NGC 2516, with ages-6f ~35 and~140 Myr
respectively), we aim to establish whether similar radifkation is seen in single, magnetically active stars.

Methods. We use radial velocities from the Gaia-ESO Survey (GES) aidighed photometry to establish cluster membership agnl¢bmbine
GES measurements of projected equatorial velocities wilttighed rotation periods to estimate the average radgrimups of fast-rotating cluster
members as a function of their luminosity and age. The aeeragji are compared with the predictions of both standaotlgionary models and
variants that include magnetic inhibition of convectionl @tarspots.

Results. At a given luminosity, the stellar radii in NGC 2516 and NGCl2%re larger than predicted by standard evolutionary nsaatehe ages
of these clusters. The discrepancy is least pronouncedargigmificant & 10 per cent) in ZAMS stars with radiative cores, but more ificemt

in lower-mass, fully convective pre main-sequence clustembers, reaching 30+ 10 per cent. The uncertain age and distance of NGC 2264
preclude a reliable determination of any discrepancy ®miembers.

Conclusions. The median radii we have estimated for low-mass fully cotivecstars in the older clusters are inconsistent (at the32 level)
with non-magnetic evolutionary models and more consisiétit models that incorporate thdfects of magnetic fields or dark starspots. The
available models suggest this requires either surface etizgields exceeding 2.5 kG, spots that block about 30 perafehe photospheric flux,
or a more moderate combination of both.
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1. Introduction transiting exoplanets that are discovered around them ked a
, the age-dependence of lithium depletion in their photosgghe
1.1. The radii of low-mass stars (Jackson & Jfiries 2014a; Somers & Pinsonneault 2014, 2015).

The radius of a star is one of its most fundamental properties A suspicion remains however, that the oversized radii could
that ought to be correctly predicted by stellar models. Yetise pe directly connected with the close binary nature of thipsel
measurements of K- and M-dwarfs in eclipsing binary systentgy stars for which precise radii and masses are availabdel T
have shown that, for a given mass, the radii of stars wh<0  synchronisation could modify internal rotation profilesneec-
M/M,, < 0.8 are 10-15 per cent larger than predicted by currefign patterns and magnetic activity. If an inflated radiuallye
evolutionary models. Hence, for a given luminosity, thieetive js 4 consequence of rotatinagnetic activity and not just bi-
temperature can be underestimated by up to 7.5 per cent (d#¥ity, then a simple test is that rapidly rotatirsqgle K- and
Lopez-Morales 2007, Morales et al. 2009, Torres et al. 2010) M-dwarfs should also be bigger than both inactive stars bad t
Stars in these short-period, tidally locked binaries ast-famodel predictions. Although the masses of single starsnae i
rotating and highly magnetically active; a working hypatise cessible, it is possible to measure their radii as a fundtioni-
is that the larger radii are caused either by the suppressiomgsity. Interferometric techniques have been used to wiéner
convection by interior, dynamo-generated magnetic fietdg. (' radii for nearby K- and M-dwarfs with an estimated mass range
Mullan & MacDonald 2001; Chabrier, Gallardo & B&f@2007; of 0.3 < M/M, < 0.8 (Boyajian et al. 2012). Unfortunately,
Feiden & Chaboyer 2012, 2013), or by the blocking of flux afimost all these nearby stars are magneticalctive, so the
the surface by cool, magnetic starspots (Chabrier et al7 20@adius-luminosity relation that can be derived is applieaio
Macdonald & Mullan 2012, Jackson &{Jges 2014b). Similarly relatively old, slow-rotating, main sequence (MS) statsisTe-
high levels of rotation and magnetic activity are also a abar- |ationship shows satisfactory agreement with the predicaelii
istic of young, low-mass stars. If rotationally induced magnetigf evolutionary models (e.g. Bafe et al. 1998; Dotter et al.
fields or starspots dofict the radii of fast rotating stars, thenzoog) for K- and early M-dwarfs, but later M-dwarfs (spettra
this COU!d Significantly alter the masses and ages |nfem)ed types beyond MZ) show lowelffective temperatures than pre-
such objects from their locations in the Hertzprung-Rustiel dicted by evolutionary models (Veeder 1974), with currentim
agram, change estimates of the radii and hence densities/of g|s underestimating radii by 5 per cent (Boyajian et al. 2012).

* Based on observations collected with the FLAMES spectyiged Extending this comparison to magnetically active, single,
VLT/UT2 telescope (Paranal Observatory, ESO, Chile), for thia-Galow-mass stars is flicult since there are none close enough
ESO Large Public Survey (188.B-3002). to allow precise interferometric radius measurementdeats
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Jackson, J&ies & Maxted (2009) and Jackson & fiies Table 2. Cluster properties and target numbers
(2014b) have used the product of individual rotation pesiod

(P) and projected equatorial velocitiesgjni) to estimate pro- NGC2516 NGC2547 NGC 2264
jected stellar radiiRsini). Assuming random axial orientations, Age (Myr) 141 35 55
such measurements can provide average radii for groupsref st (m- M), 7.93 7.79 9.45
The technique has been applied as a function of luminosity if(B-V) (mag) 0.12 0.12 0.075
two young open clusters (NGC 2516 and the Pleiades). Jacksd (Mag) 0.04 0.04 0.02
& Jeffries (2014b) found that the highly magnetically active NO- Of targ.etls Obsebrved 242 g5g 1727
K- and M-dwarfs in these clusters (aged30 Myr - Meynet, mo. potential members (a) ! ! 1525
. e o 0. members (b) 459 156 350 (604)
Mermllllqd and Maede( ;993) showepl S|gn|f|(_:ant _radlus ”?ﬂa'Targets with Known period 77 84 226
tion relative to the empirical locus defined by inactive M3dfie  \empers withRsini (c) 32 45 90 (157)

stars; the mean increase in radius, at a given luminositge®. —(@y WithS/N > 5, valid -mag, K-mag and log > 3.5 (it known)
from 13+ 3 per cent for MS K-dwarfs to 4@ 4 per cent for the  (b) Based on the probability of membership from &\ being> 0.8
lower luminosity pre main-sequence (PMS) M-dwarfs that argc) Member with known periodssini > 5km st andA,gini < 0.2
still descending their fully convective Hayashi tracks. Nos. in brackets are for relaxed membership criteria, see 3¢

2. Cluster members and their projected rotation

1.2. The Gaia-ESO Survey velocities

The Gaia-ESO survey (GES) is employing the FLAMES multg'l' Cluster properties

object spectrograph (Pasquini et al. 2002) on the VLT UTHGC 2516 is the oldest of the three clusters considered & thi
(Kueyen) telescope to obtain high quality, uniformly cedifed paper. Meynet, Mermilliod & Maeder (1993) give an age of
spectroscopy of 10° stars in the Milky Way over a 5 year pe-141 Myr. This is consistent with more recent estimates of age
riod (Gilmore et al. 2012; Randich & Gilmore 2013). The sytve of ~ 150 Myr from lithium depletion in low mass stars fifes,
which began at the end of 2011, includes stars from the halames & Thurston 1998) and 1225 Myr from the nuclear turn
bulge, thick and thin discs, as well as in star forming regiorff for high mass stars (Lyra et al. 2006). We adopt the intrinsic
and clusters of all ages. Samples are chosen from photemetiistance modulus of.93 + 0.14 mag and cluster reddening of
surveys with the aim of characterizing the chemical andking(B — V) = 0.12 + 0.02 mag given by Terndrup et al. (2002)
matic evolution of these populations. Analysis of thesecBpe based on main sequence fitting.
will provide a rich dataset of chemical and dynamical parame NGC 2547 is a younger cluster and our dataset may be ex-
ters which, when combined with proper motions and parafiaxgected to contain both PMS and ZAMS stars . We adopt an age
from the Gaia satellite, will provide full three-dimensave- of 35+ 3Myr based on lithium depletion (fées & Oliveira
locities and chemistry for a large and representative sampl 2005). This is consistent with the age of 3&3Myr found from
stars. main sequence fitting by Naylor & ffeies (2006), who also give

an intrinsic distance modulus of78* 34t mag and reddening of

In addition to radial velocity RV) data, the GES measuresE(B - V) = 0.12+ 0.05 mag.
the vsini of target stars (Koposov et al. in preparation). In the NGC 2264 is the youngest cluster considered here with an
case of young clusterRV can be used to confirm cluster memestimated age of 2—7 Myr depending, amongst other things, on
bership andvsini data can be combined with published meahe adopted distance to the cluster, which varies betwe@pelO
surements of rotation periods to estimate Bwni values for (Dzib et al. 2014) and 913 pc (Baxter et al. 2009). In this pa-
members of the cluster (e.g. Baxter et al. 2009, Jackson etpsr we adopt the distance 7£712 pc given by Turner (2012)
2009). As the GES progresses the opportunity arises to &stimbased on model isochrone fitting. This is consistent withsa di
the radii of both MS and PMS stars for a number of clustergnce of 760t 49 pc from fitting the ZAMS (Sung et al. 1997)
where rotation period data are available, using uniforneijvatd  and the parallax-based distance of 3% pc obtained from two
and calibrated values ofsini. By determining the radii of low- maser sources thought to be located in NGC 2264 (Kamezaki et
mass stars as a function of their luminosity in clustersfiédént al. 2013). Having adopted the distance given by Turner (2012
ages, we can test evolutionary models, search for the siggsat we also adopt their average reddening=gB — V) = 0.075+
of radius inflation by magnetic activity and investigateiete 0.003mag and age of 5.5Myr. We note that at best this age
is any dependence on whether stars have reached the zerorageesents a median value; Sung and Bessell (2010) estmate
main sequence (ZAMS) (e.g. see Jackson friks 2014b). age spread of 2—3 Myr about the median age.
All three clusters show near solar-metallicity, with [Ag

In this paper we use GES data to estimate the avera¢(fdues, consistently determined from GES spectroscopyatle
radii for stars in three young clusters — NGC 2516, NGC 254¥ithin +0.1 dex of solar (Magrini & Randich 2015).
and NGC 2264. In section 2 we describe the clusters and our
database and use tRY of spectroscopic targets to assign CIus2.2. Cluster targets with resolved projected equatorial
ter membership. In Sect. 3 we use theni values of confirmed velocities
cluster members with known periods to determine average rad
as a function of luminosity. Finally, in Sect. 4 we compare thTargets in these clusters were observed at the VLT on a num-
radius data for each of the three clusters with the radii asie-f ber of dates between April 2012 and December 2013. The tar-
tion of luminosity and age predicted byfldirent evolutionary gets were selected using a combination of optical and iedrar
models, some of which include th&ects of magnetic fields and photometry and chosen using very broad regions of colour-
starspots. magnitude space, so as to target all possible cluster martdrer
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Table 1. Photometric and spectroscopic data of GES Survey targettugters in NGC 2547, NGC 2516, NGC 22264 downloaded from the
Edinburugh GES archive. The full Table 1 is available at tRSC

Cluster ObJeCt 4 Jomass Homass Komass S/N RV vsini |Og Ter No. Arv Avsini
mag. mag. mag. mag. kmi's kms? Spec  kms!
NGC2264 06392494#0933151 15.26 13.84 13.28 13.06 8.72 31.10 4.3 3.552 2 0.54 66 0.
NGC2264 063925080942515 14.26 13.21 12.48 12.36 15.02 20.08 1.1 3.560 2 0.36.43 1
NGC2264 063925380943147 13.74 12.05 11.19 10.90 19.39 -7.64 1.6 3.712 2 0.36.31 4
NGC2264 063925500931394 15.32 13.77 12.86 12.38 27.40 17.98 4.7 3.544 2 0.29.23 0
NGC2264 063926400943298 15.56 13.94 13.26 12.98 23.86 15.30 19.8 3.770 2 0.63.09
NGC2264 063939300945215 13.97 12.90 12.04 11.54 55.61 20.18 11.8 3.621 4 0.2D.05
NGC2264 063939640945442 13.03 11.98 11.37 11.18 52.77 43.60 1.6 3.610 4 0.22.22 1

No. Spec indicates the number of separate observationddedao produce the target spectrum
Arv andAysjni are calculated values of the absolute precisioR\Vrand fractional precision iasini, as described in Sect. 2.2
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Fig. 1. The number density of GES cluster targets in open cluster€ RE16, NGC 2547 and NGC 2264 as a functiorRyf. the upper (red)
histograms show all potential members w@fiN > 5. The lower (blue) histograms show the number of fastetomay sini > 5kms?) and
the solid (green) histograms show stars identified as ¢lustenbers with measured rotation periods (see sectionThg)black curve shows the
probability density fit to the measured data comprising efshm of two quasi-Gaussian distributions; the first, a maralistribution, represents
cluster members, and a second much broader distributioagepts non-members.
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Fig. 2. The probability of cluster membership as a functionRyM for open clusters NGC 2516, NGC 2547 and NGC 2264 derived fitoen
maximum likelihood fit of a double quasi-Gaussian distiiiuto the data in Fig. 1. Black crosses show probabilitiesfower rotators\{sini < 5

kms1), red triangles show probabilities for faster rotatordifated values of the mean velociBy and dispersiowr. of the cluster population
are shown on the plots.

at least make them available for fibre placement — see Brizgaghg groups (e.g. Lanzafame et al. 2015), which estimated-ast
etal. in preparation). The raw spectroscopic data weregssmxd physical parameters (lag Te;) and chemical abundances for
with pipelines developed at the Cambridge Astronomical®&ur a subset of the targets with high quality spectra. The riegult
Unit, to produce wavelength-calibrated, sky-subtracteecra data and parameters were placed in the GES archive (and made
and estimates dRV andvsini (Lewis et al; Koposov et al. in available to the GES consortium) at the Wide Field Astronomy
preparation). These were passed to spectroscopic anaiysis
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Unit at Edinburgh University, Data used in this paper is taken(I — J) colour in order to minimise possibléfects of any infra-
from tables Target, Spectrum, RecommendedAstroAnalysis ared excess due to circumstellar discs which may still beguies
SpectrumNightly of the IDR2DR3 release of GES data. in this relatively young cluster.

All the relevant photometry and spectroscopic data for GES
survey targets in NGC 2516, NGC 2547 and NGC 2264, were
taken from the Edinburgh GES archive. The database contamé
RV andvsini values derived from the analysis of both indiFigure 1 shows histograms of tfRY of potential members for
vidual spectra (termed nightly spectra) and combined spect each clusters. Results are shown separately for (a) alhpale
where all available nightly spectra are co-added to producenembers and (b) those withvaini > 5kmst. The latter group
single target spectrum. All the results reported here arergi of relatively rapidly rotating stars have a higher probigpiof
for combined spectra observed with the intermediate réisolu cluster membership, since older field stars are more likelyet
GIRAFFE spectrograph, using order sorting filter HR15N wahicslower rotators.
gives a spectral wavelength range of 6445-6815A at a resolu- A maximum likelihood method was used to determine the
tion of 17000. The targets lie in the brightness range of appr probability of cluster membership as a functionRdM by fitting
imately 11 < V < 19 for all three clusters. The optical pho-a pair of quasi-Gaussian distributions to the data for etah s
tometry originates from J&ies, Thurston & Hambly (2001) and The first distribution defines cluster members, the seconchmu
Irwin et al. (2007) for NGC 2516; from Naylor et al. (2002)broader distribution represents the background populaach
JefTries et al. (2004) and Irwin et al. (2008) for NGC 2547; angrobability density function is the convolution of a Gaasspro-
from Sung et al. (2008) for NGC 2264. 2MASS near infrarefile with the distribution of measurement uncertainty ifmmat-
photometry is available for all targets (Skrutskie et aD&0 ing the combinedf@ects of measurement precision and the pro-

The uncertainties iRV andvsini were estimated, as a func-jected orbital velocities of an estimated fraction of binatars
tion of temperaturey sini andS/N, using the scaling parame-(see Cottaar, Meyer & Parker 2012fiJies et al. 2014).
ters Ary and Aysini, the prescription defined by Jackson et al. For the present calculation.

(2015%, and with the constants shown in table 3 of their paper
that are appropriate for order sorting filter HR15N. Thesa-sc
ing parameters approximate to the standard deviationsrfor-a
mal distribution, but Jackson et al. showed that the undegly
uncertainty distributions have extended tails and aresbedfp-
resented by Student’s t-distributions witldegrees of freedom,
wherev = 6 for RV andy = 2 for vsini. The intrinsic spectral
resolution of the data means that there is fiaative resolution
limit to vsini, such that only objects withsini > 5 kms* have
reliably detected rotation. Data downloaded from the Edligh
GES archive including calculated values of tRé¢ andvsini
precision for each target are listed in Table 1, the full i@r®f
which is available at CDS. _

Targets for each cluster were selected initially from the
database as having both validind K-magnitudes and a signal
to noise ratio of the combined spec®iN > 5. Where possi-
ble, a further selection was made on the basis of surfacétgrav
to remove field red giants (with lag < 3.5) from the sample.
Estimates of logy were available from the Working Group (WG)
analyses for 99 per cent of targets in NGC 2516 but enl{5
per cent of targets in the other two clusters. The numbers-of p
tential targets are shown in Table 2. Figure 1 shows the maximum likelihood fit of the number
density of targets as a function 8 for each cluster. Figure
2 shows the probability of membership as a functiorRgffor
each star, which is calculated from the ratio of likelihoolist

2MASS magnitudes of the targets in Table 1 were transform@darget belongs to the cluster or field populations. Thiededp

to the CIT system using relations given by Carpenter (20030ongly onRV and more weakly on thBV measurement uncer-
then scaled to absolute magnitudes using the distance modginty Note that the intrinsic dispersions of the clustereted in

and extinctions shown in Table 2 (assuming that the targets &9- 1 are upper limits to the true dispersion. There is sowe e
members of the cluster). Luminosities of targets in NGC 254¢€ence for mass-dependence in the dispersion and for a small
and NGC 2516 were estimated from targyt values using the (Probably unphysical) mass-dependent systematic drifRVh
bolometic correction as a function of £ K) colour given by which inflates the_dlspersmn seen in a group covering a wide
BHAC15 model isochrones (Bafte et al. 2015) interpolated to Mass range. This is more carefully analysed fiirigs et al. (in

the cluster age. Masses were estimated from luminosities B&eparation), however the accuracy obtained using a sngts

ing the same models. Luminosities in NGC 2264 were estimat@t is easily sdficient for the current purpose of estimating the

from M; values using the bolometic correction as a function grobability of cluster membership. .
NGC 2516 shows aRV distribution characteristic of a re-

1 httpy/gegroe.ac.uk laxed cluster, centred at 3+ 0.1 kms'%, with an intrinsic dis-

2 Note thatAgy is expressed as an absolute uncertainty in Kms persion< 0.79+0.07 kms™. There are 459 targets with a mem-
whereas\ysini is @ dimensionless fractional precision — see Jacksonle@rship probability> 0.8, about half of which havesini >
al. (2015) for details. 5kms. In the rest of the paper we conservatively consider this

. Probability of membership

the measurement uncertainty RV of individual targets is
defined as a Student-t distribution witk6 scaled according
to the scaling constant for measurement precigign (see
Jackson et al. 2015).
— Binary periods are assumed to follow the log normal distri-

bution described by Raghavan et al. (2010) witlog P >=

5.03 andoogp = 2.28, whereP is the period in days.
— The binary fraction varies with mass & = 0.27 +
0.47(M/My) over the range @ < M/My < 1.2. This re-
lationship, estimated from the binary fraction as a funttio
of mass given by J#ries et al. (2001) for NGC 2516, is as-
sumed to apply to all three clusters here.
The binary mass ratio is represented by a flat distribution be
tween 0.1 and 1 and the eccentricity by a uniform probability
density between 0 and 0.8 (Raghavan et al. 2010).
Targets outside the range20 kms? of the cluster central
velocity are assumed to be hon-members and are excluded
from the calculation. A range af40kms? is adopted for
NGC 2264, which appears to have a much broader intrinsic
distribution.

2.3. Target mass and luminosity
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subset of stars where determiniRgini values. This sample 120
should sifer a low level of contamination by field stars, espe- e 2516 Terndrup et al. 2002 29 targets
cially when we combine thY membership probabilities with = 2516 Jackson et al. 2010b 48 targets
the likelihood of havings/sini > 5 kms* and the likelihood of 100 1 2264 Baxter etal. 2009 36 targets
having a measurement of their rotation periods from rotatio A 2547 Jeffries etal. 2000 12 targets
modulation (see Sect. 3.1).

NGC 2547 shows arRV distribution consistent with the
presence of a dominant cluster centered a4 4D.1 km st with
a dispersion of 5+ 0.09km s, together with a lesser, more
dispersed population with cent8V of ~ 19.5kms™?. This is
consistent with the results of Sacco et al. (2015) who usetha s
sample of GES targets in NGC 2547 selected using the equiv:
lent width of the Lit 6708A line to identify the presence of a
kinematically distinct, younger population in the line ajtst to-
wards NGC 2547, centred & ~ 19kms?. For our analysis 0 .
we select only members of the main cluster and find 156 target e
with membership probability 0.8, ~75 per cent of which have i
vsini > 5kms?. ‘ ‘ ‘ ‘ ‘

NGC 2264 shows a broader peak infRg distribution, with 0 20 40 60 80 100 120
extended tails containing a large fraction of fast rotasieys.
This is consistent with NGC 2264 being understood as a loos
collection of star-forming clumps rather than as a singls; d
tinct, strongly bound cluster (Tobin et al. 2015). This lead to  Fig. 3. Comparison of GES measurements \afini in NGC 2516,
consider two membership samples, the first where cluster-meaiC 2547 and NGC 2264 with previously reported values. Tlerin
bers are those associated with the peak irR¥elistribution at shows the numbers of targets per cluster where matches wenel f
19.8+ 0.2km s, giving 339 members with membership proba¥ith reported data.
bility > 0.8, and a second where all 604 fast rotating stars with
vsini > 5 kms?! and-20 < RV < 60kms* are considered to
be potential cluster members.

80 -

P

vsini (km/s) - GaiaeSO

Iz
ol & H

vsini (km/s) reference 1, 2, 3,4

reported in the GES database and previously the reportadval

2.5. Comparison of vsini with other work vsini =[-0.71+ 0.64] + [1.01+ 0.02]vsinirer . (1)

Thus there is no significant systemati¢fdience between GES
values ofvsini and those previously reported for the same tar-
gets. This calibration uncertainty is small compared toake
pected random uncertainty for individual targets — usuallg

g(ger cent unless a target is observed on multiple occasions.

Both the precision and accuracy of theini measurements
are important in estimating thiesini distributions for stars in
these clusters. The precision of theini measurements is es-
timated from an empirical analysis of repeat measuremdnts
vsini recorded as part of the GES project (Jackson et al. 201
However, such measurements give no indication of the atesolu

accuracy of the measurements, which is a combination of tBeMean radii of cluster members

uncertainty in measurement and the uncertainty in absohlte ] ] ]
ibration. 3.1. Targets with measured rotation period

To assess the calibration uncertainty, GESni measure- Projected radiiRsini, are calculated for the samples of probable
ments were compared with previously reported measuremenigmbers defined in Sect. 2.4 that also has&i > 5 kms?

for the same targets in NGC 2516 (Terndrup et al. 1998; Jacksthd a reported rotation period in the literature. We alsoatem
& Jeffries 2010b), NGC 2547 (fieies, Totten & James 2000) 5 high qualityv sini measurement, with,sin; < 0.2.

and NGC 2264 (Baxter et al. 2009). Figure 3 compares measuredA|l three clusters have been the subject of photometric sur-
and reported values ofsini for 125 targets where both sourceseys that attempted to measure the rotation periods of lossma
showedvsini > 5kms™. The uncertainties shown for the GESluster members via the rotational modulation caused by-mag
data areAysini (see Sect. 2.2). The uncertainties in the reportefétic activity and starspots. Irwin et al. (2007) found pds for
valuesoysini are taken from the source papers. 362 stars in NGC 2516 over the mass range (estimated figm
There is a good correlation between the two data sets aftsing the BHAC15 models).05 < M/M,, < 0.7. Cross correla-
accounting for the measurement precisions. However, trere tion with the GES target list showed 77 matches, 32 of whieh ar
a number of outliers where theffirence between the two esti-both members (based on th&) and havevsini > 5 kms*
mates ofvsini is much greater than the expected uncertainty BandAysini < 0.2. Irwin et al. (2008) found rotation periods for
the diference of the two values. To some extent this is expected6 stars in NGC 2547 over the mass randeOM/Mg < 0.9,
since, at least for the GES data the measurement unceritaint§4 were matched with GES targets and 45 of theseRMe
described by a Student-t distribution (witk-2) rather than a members with high quality sini measurements. Makidon et al.
Gaussian distribution. To eliminate these outliers the gara- (2004), Lamm et al. (2004) andf#er et al. (2013) measured ro-
tive data is clipped such that the discrepancy between the ttational periods in NGC 2264 over the approximate mass range
measurements must be less than 5 times its uncertaintyhughic0.1 < M/M, < 2.5, yielding 226 matches with GES targets, 90
equivalent to selecting data between the 8th and 92nd peasen of which areRV members with high quality sini measurements
of a Student’s t-distribution with = 2. Linear regression of the (or 149 if we take the broader definition of cluster membershi
clipped data then yields the following relation betweenthimi in Sect. 2.4).
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Fig. 4. Absolutel-magnitude versus intrinsic— K for GES targets in the open clusters NGC 2516, NGC 2547 and 2&6€ using the cluster
parameters shown in Table 2. Points show all GES targethk fpitctra that hav®@/N > 5). Black crosses show stars with reported periods that are
cluster members based on thBV (see Sect. 2.3) witlisini > 5km s, red triangles show other GES targets with reported periddss show
solar metallicity model isochrones interpolated to thestdu age for dferent evolutionary models, see Sect. 4.1, solid line — BHABardfe

et al. 2015), blue dotted line — Dartmouth (Dotter et al. 2008.ie dashed line — , Dartmouth modified for magnetic fiekden & Chaboyer
2013).

Figure 4 showsM, vs (I — K)o colour magnitude plofs can be found by dividing the averagsini for a group of simi-
of the GES targets for each cluster, highlighting targets ftar stars by an average value of siRRsini estimates for cluster
which Rsini has been calculated. Also shown are solar metaliembers are divided intd magnitude (and later luminosity)
licity isochrones interpolated according to the logarithinalus-  bins with approximately equal humbers of targets per bire Th
ter age for three dierent evolutionary models. The BHAC15radius value for each bifR is calculated from thenedian value
models (Barfie et al. 2015), Dartmouth models (Dotter et alof Rsini per bin, which is then corrected for the inclinations
2008) and a modified version of the Dartmouth code that iBased on a distribution of sirvalues and measurement uncer-
cludes magnetic fields (Feiden & Chaboyer 2013; Feiden,sJonginties. Taking the median value Bfini is preferred over the
& Chaboyer 2015, see Sect. 4.1). The-(K) colour of targets mean, since it minimises théects of the expected extended tail
in NGC 2516 and NGC 2547 are somewhat redder than the n@ithe distribution ofvsini uncertainties.
magnetic BHAC1/Dartmouth isochrones and are possibly bet- A Monte Carlo method was used to determine the correc-
ter represented by the magnetic Dartmouth models. Howeugsn to the mediarRsini and the uncertainty in this correction.
this may also partly be due to unresolved binaries in the 8mpsamples ofN individual Rsini values, with estimates of mea-
or could simply reflect the fact that the BHAC15 models do agyrement precision, and a known probability distributibsini
pear to predict — K colours that are- 0.2 too blue atM; ~ 8 \ere simulated, under the assumption that the uncertainty i
(see fig.5 in BHAC15). Results for NGC 2264 show much moigsinij is dominated byA,sini (see Section 2.1 and Table 3). It
scatter in colour vs magnitude for both the GES targets ad § further assumed that the stellar spin axes are randorsly di
subset of members with measured rotation period. This dwildyriputed but thatRsini can only be resolved if sin> 7. The
due to the presence of circumstellar material, accretidfere yeason for this threshold is that stars with low inclinatiaio not
ential reddening or perhaps indicate some variation ingeecd  exhibit suficient rotational modulation to enable a rotation pe-

cluster members. ~ riod determination or do not havefigient equatorial velocity
Filled histograms in Fig. 1 show cluster members with rep yield a resolvable sini.

solved values oRsini, i.e. those targets which are cluster mem- “random values of sinwere drawn from the distribution
bers with a measured rotation periogsini > 5kms™ and P(i) = sini/ cos(arcsir) wherer < sini < 1. The value ofr

Avsini < 0.2. The medsilan\/sini of this_subset is 30%'(”% was estimated directly from the measured distributioReini
for NGC 2516, 20 kms' for NGC2547 and 21 kms for yajyes about the median value Rfin two absolute magnitude

NGC 2264. Table 3 lists the measured and calculated preeriying for each cluster (see Jackson et al. 2009 for detads)he
of all valid targets withS/N > 5 and measured rotation period. present data sets we find an average0.16 + 0.11, which cor-

responds t@ini = 0.80+0.02. (Note that theféect ofr is small,
because relatively few stars have a low value of gira random
. . .. distribution of orientations.) Multiple realisations aredelled
The averaged radii of stars is calculated frémand vsini using the appropriate uncertainties for the dataset uratesid-

following the method described by fges (2007). The prod- gration. The distribution of median values is then analysed
uct of these quantities gives the projected radii in solatsyn determine the value d& and its uncertainty

Rsini = 0.02Pvsini, whereP is in days and/sini is in kms™. _ - o
Assuming that the stellar spin axes are randomly orienteg (e _1able 4 shows the average radi, derived from theRsini

Jackson & Jries 2010a) then in principle the average radiu@stimates for members of each cluster with luminositiesezor
sponding to masses in the rang@ & M/M;, < 1.4 accord-

3 This colour-magnitude diagram was choser asdK magnitudes ing to the BHAC15 model of Bafte et al. (2015). The results
were available for all targets in all three clusters. are binned according t magnitude with 15 to 20 targets per

3.2. Averaged radii as a function of luminosity
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Fig. 5. Stellar radius versus luminosity for stars in the open eltsNGC 2516, NGC 2547, NGC 2264. Crosses in the upper plotg gfeRsini

of individual targets normalised by the average value of @ee Sect. 3.2). Squares with error bars show the averadithriains of luminosity;
adjacent numbers indicating the numbers of targets perDiamonds with error bars show averaged radii (calculatea gmilar way) from
an alternate data set in NGC 2516 from Jackson et al. (2008¢slshow solar metallicity model isochronesPofiersus lod- interpolated to
the cluster ages in Table 2 from several evolutionary mogiedse Sect. 4.1): the black solid line (with circles indingtfiducial mass points) —
BHAC15 (Bardfe et al. 2015), blue dotted line — Dartmouth (Dotter et al.80Blue dashed — Dartmouth modified for magnetic fields @weid
& Chaboyer 2013; Feiden et al. 2015), red dot-dashed — YREBQE red solid line — YREC modified for arffective spot coverage of 30 per
cent (Somers & Pinsonneault 2015). The shaded area inglitaerange of luminosities over which stars develop radiatores according to
the BHAC15 model. Stars to the left of this region have raggatores, while stars to the right are fully convective. Tower plots show the
“over-radius”, expressed as a percentage of the prediet@ids from the BHAC15 model. Dashed and solid lines show tre-tadius, with
respect to their non-magnetic counterparts, predictethdypartmouth-magnetic model and the YREC with starspotsafmedpectively.

Table 3. Measured and calculated properties of cluster targetsnestblvedv sini and a reported rotation period. The full Table 3 is availattle
the CDS.

Cluster RA Dec RV Arv vsini Avsini Mk logL/L, Membership Period Rsini  Agsni Flag
degrees degrees  kmis kms?!' kms? mag probability days R,

NGC 2547 122.1693 -48.8938 13.38 0.81 18.30 0.14 6.20 -1.72 94 0 1.06 0.39 0.05

NGC 2547 122.4060 -49.0341 12.48 0.41 15.10 0.09 530 -1.31 98 0 1.96 0.59 0.05

NGC 2547 122.2800 -49.3207 12.09 0.18 5.50 0.06 4,15 -0.68 98 0. 5.26 0.58 0.04

NGC 2547 122.3004 -49.4583 13.03 0.79 17.90 0.15 6.32 -1.77 96 0 1.57 0.56 0.08

NGC 2547 122.3077 -49.5550 16.85 0.36 16.10 0.07 531 -1.36 .16 0 1.69 0.55 0.04

Note Rsini values are shown only whewsini > 5 km st andAgn < 0.2 whereA,g; is therdlative uncertainty invsini
Flag is set to 1 for targets in cluster NGC 2264 where a (H-K3we (J-H) colour colour plot indicates possible infra-eadess.

bin (or ~ 33 if the wider membership criteria is adopted fonosity, corrected for thefects of inclination and measurement
NGC 2264) . In NGC 2547 and NGC 2516 a single outlier witbncertainties using the same Monte-Carlo model.

an exceptionally smaK mag was excluded. The relationships

betweerR and apparenk magnitude are model- and distance-

independent and noffacted by the estimated reddening to thg-3- Measurement accuracy

cluster. Also shown in Table 4 are the model-, distance- agghe \ncertainty ifR and in over-radius depends on the number

reddening-dependent average luminosity and mass per bin g, gets. A simple estimate of the expected uncertairgivian

_r|ved from BHAC15 model |sochro_nes (Bara et al. 2015) us- by considering the ideal case where the uncertaintid3 &md

ing the cluster parameters shown in Table 2. vsini are small compared to the uncertainty in the mean value

of sini, which (in the absence of a lower cuffphas a mean

The over-radius of a set of targets relative to an evolutiodalue ofz/4 + 0.22/ VN whereN is the number of targets per

ary model is calculated as the median value of the over-ocddiibin. Hence the minimum uncertainty ifor N = 15 is~ 7 per

individual targets relative to the model radii at equivallemi- cent, and would reduce to 3 per cent foe= 100. The estimates
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Table 4. Averaged values of stellar radii NGC 2516, NGC 2547 angletely negligible, but is still small compared to the stttial
NGC 2264 calculated from the product of GES measurementsiaf  uncertainties for the current data set.
and reported rotational periods, binned according to agp#&r magni-

tude.

4., Discussion
Sample N K logL/Ls M/M, R/R, ) . .
NGC2516 (a) 15 131805 -1.19 0.60 0.690.08 4.1. Comparison with model isochrones

16 13.7205 -1.47 049 0.480.06  Fjgyre 5 compares the measured radii, as a function of lusaino
NGC 2547 (a) 1%_)5 lézéaﬂgg '1'2(13 8'22 8'%8'81 ity, with the predictions of three current evolutionary rets]

14 138905 :1'63 0.29 057007 WO of which have also been adapted to explicitly includeahe
NGC2264 (a) 21 11.6004 +0.01 1.22 208016 fectsof magneticfields and activity onthe evolution of lovess

20 12.0902 -0.18 1.04 1.760.16 stars. The models considered are:

20 12.4%03 -0.35 0.82 1.6¥0.15 L
50 13.1606 -0.68 0.52 123012 1. The solar metallicity isochrones & versus lod- for the

NGC2264 (b) 33 11.6004 -0.01 1.95 2 250.23 BHAC15 mo_del (Bardte et al. _2015), interp_olated to the
34 12.0902 -0.20 1.04 1.650.11 cluster ages in Table 2. Open circles on the isochrones mark

31 12.4%03 -0.38 0.82  1.680.13 fiducial mass points.
23 13.1606 -0.72 0.51 1.270.10 2. The Dartmouth (Dotter et al. 2008) and Dartmouth-

(a) Averaged radii for members selectedr with magnetic models (Feiden & Chaboyer 2013; Feiden, Jones
period,vsini > 5km st andAysini < 0.2. & Chaboyer 2015). The latter is a version of the Dartmouth

(b) Averaged radii for all targets with period, evolutionary code modified to take account of tieeet of
vsini > 5kms* andAysini < 0.2. magnetic fields on the equation of state and on mixing length

theory in the stellar interior of magnetically active starke
isochrones shown here correspond to the rotational dynamo
B model of Feiden & Chaboyer (2013) with a surface field
of uncertainty inR shown in Table 4, from Monte Carlo simula-  strength of 2.5 kG, as described in detail by Malo et al.
tions, also take account of the measurement errovsini and (2014).
the non Gaussian distribution of sifsee Sect. 3.2), giving av- 3. The YREC and YREC-spot models, where the standard
erage uncertainties of 12 per cent for our bin occupancies of YREC evolutionary code (van Saders & Pinsonneault 2013)
14 < N < 34. has been adapted by Somers and Pinsonneault (2015;

The procedure described in Sect. 3.2 gives an unbiased es-isochrones supplied by Somers, private communication) to

timate ofR provided thatP andvsini are themselves unbiased ~Model the &ect of dark starspots on the evolution of mag-
and the distribution of sinis modelled correctly. Hartman et ~ N€tically active, low-mass stars. The specific isochrones i

al. (2010) pointed out that flerential rotation may systemati-  F19- 5 show predicted radii for stars with 0 and 50 per cent
cally increase the measured valuesFofHowever the rate of ~ Coverage of starspots with an average spot temperature of 30

differential rotation is low for active K- and M- dwarfs (e.g. Per cent of the temperature of the (unspotted) photosphere
Reinhold, Reiners & Basri 2013), and théeet of any positive ~ (€duivalent to anfective coverage by dark spots of 30 per
bias in P produced by dferential rotation is fiset by a corre- ~ ¢€nY)-
sponding negative bias in measunesini. The net changes in | the ahsence of imposed magnetic fields/angtarspots
inferred radii using the method discussed here should £ Ig§ {hree models show almost identical radii as a functiohuef
than 1 per cent (see discussion in Jackson #riés 2014b). A inosity in the upper panels of Fig.5. Théieet of magnetic
second source of bias is uncertainty in the distributioniof,s fie|4s andor starspots is to increase radii at a given luminos-
in particular the #fect of uncertainty in the lower cutiovalue, iy aithough the percentage increase in radius at a givéah fie
7, below whichRsini values cannot be obtained. However, therength or spot coverage varies with both mass and age. This
large uncertainty irr given in Sect 3.2 corresponds to only &yer-radius, expressed with respect to their non-magoetio-
2 per cent systematic error Bini andR and so is much less terpart models, is compared with our measurements of agerag
important than the statistical uncertainties. radii with respect to the BHAC15 isochrones in the lower gne

A further source of uncertainty could be contributed by taof Fig. 5. The shaded areas in Fig. 5 indicate the range of-lumi
gets that are unresolved spectroscopic binaries. For smane fnosities over which stars are expected to develop radietives
tion of these targets, the measured valuev sifii could be accordingto the BHAC15 model at the assumed age of the clus-
systematically higher than the truesini of the primary star, ters. i.e. stars to the left of the shaded area are expecteal/to
depending on the fference in RVs of the primary and sec+adiative cores, stars to the right are expected to be fuly ¢
ondary stars and their relative contribution to the GES tspec vective and still be descending their Hayashi tracks. Ttattwi
This would lead to an upward bias in the estimateRafini.  of these regions corresponds#0.05M,, the resolution of the
Appendix 1 presents an analysis of tiffeets of binarity on the model grids in our possession.
measured value ofsini which is then used to estimate the in- The percentage increase in radius shown by the Dartmouth-
crease irRsini for individual observations assuming the binarynagnetic model with respect to non-magnetic models is emall
distribution described in Sec. 2.4. Calculations of theraged for the low-mass, fully convective stars. This is consisteith
radii (Sec. 3.2) were repeated with a correction made ferlihi the results of Feiden & Chaboyer (2012, 2013) for MS stars,
nary bias inRsini. For NGC 2516 and NGC 2547 there was ahere magnetic inhibition of convection can produce signif
small reduction £ 2 per cent) in the averaged radii whilst foricant inflation for stars with radiative cores but has less ef
NGC 2264 the downward correction was higherat per cent, fect (for a given magnetic field strength) for fully conveeti
due to its more massive members that have a higher assumedtairs. Starspots have the opposifie&, producing a larger ra-
nary fraction. The bias caused by binarity is therefore wot-c dius inflation for fully-convective PMS stars. Jackson &fdes
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(2014b) used polytropic models to show that starspots slelw s
lar contraction along Hayashi tracks, asymptotically tiriigithe
radii of PMS stars by a factor of 48)~" compared to unspotted
stars of the same luminosity, whegas the equivalent covering
fraction of dark starspots antd~ 0.5 . This is a much stronger
inflation than predicted by Spruit & Weiss (1986) for spottés
stars with the same@ The over-radius predicted for fully convec-

tive stars in NGC 2516 and NGC 2547 by the YREC-spot model

with 8 = 0.3 (shown in Fig. 5) is¢ 15— 18 per cent, which is

over-radius amounts to about 10 per cent for the low-mass
fully-convective stars. The plots in Feiden et al. (2015)-su
gest that a much larger surface magnetic field would be re-
quired to explain a-30 per cent over-radius, but this would
be incompatible with the level of (integrated) magneticfiel
measured on rapidly rotating M-dwarfs o BKG (Reiners,
Basri & Browning 2009). The turbulent dynamo model of
Feiden & Chaboyer (2013) has a much smali®eet on low-
mass PMS stars (e.g. see Malo et al. 2014).

fully consistent with the simple scaling derived from pobggic — The YREC-spot models witl8 = 0.3 predict an over-

models. radius of about 15-18 per cent for fully convective stars in
NGC 2547, which is almost c_ompatible with the opserva—
4.2 NGC 2547 tions. Using the scaling relation between over-radius and

spot coverage of Jackson &fiiées (2014b), the measured
over-radius would actually correspongte: 0.43°0.98. If we
adopt the temperature ratio off@+ 0.05 between spots and
unspotted photosphere, as measured by O’Neal et al. (2004)
and O’Neal (2006) in some active/IG dwarfs, this would
require a spot area coverage ofl*§17per cent. If the temper-
ature ratio was larger, as advocated by Feiden & Chaboyer

relative to the predictions of the BHAC15 model is & per (2014), then this would require an even higher spot cover-
cent. This result applies to cluster members hawir@) per cent age. o .
probab”ity of membership according to th&vy (see Sect. 24) - Alternatlvely, the observed level of radius inflation cougd
There are in addition 15 targets with measuRsini but < 80 sult from the combinedfeects of inhibition of convection
per cent membership probability (see Table 3). This latien-s in the stellar interior and inhibition of radiative_ heatrtwgr
p|e is expected to contain a Signiﬁcant proportion of stemmf from .the stellar surface due to sFarspots. This scenario was
a secondary population identified by Sacco et al. (2015)res ki con_S|dered as one of several options to account for the over-
matically distinct and much younger than NGC 2547. Taking an radius of PMS stars in NGC 2516 by MacDonald & Mullan
age of~ 10 Myr (Sacco et al. 2015) and assumiﬁgx t—1/3 (2013) If We WQre to assume that th&eets were adq|t|ve,
then the radius of any stars belonging to this younger pdipula  then a combination of the 2.5 kG Dartmouth-magnetic model
should be~ 60 per cent larger than members of NGC 2547. The and starspots witfi = 0.32 would give an over-radius of 30
mean over-radius of these 15 targets is48l per centand thus ~ Per cent in fully convective stars (coincidentally this Is a
consistent with a significant proportion belonging to tharyger most exactly the sum of the over-radii shown for the two
population identified by Sacco et al. magnetic models in the lower panel of Fig. 5).

For NGC 2547 the highest luminosity bin in Fig. 5, contain-
ing stars with radiative cores, h&compatible (within~ 10)
with both magnetic and non-magnetic evolutionary modete T4'3' NGC 2516
low-luminosity bins containing fully convective stars sheig-
nificantly higher radii than predicted by the non-magnetic-e
lutionary models. The average over-radius for data in tiheee
lower mass bins is 22 10 per cent compared to the BHAC1

isoch Th ol ! di q ii covered stars with 14 | < 18. Only a fraction of these are
Isochrone. The possible systematic errors discussed lIOBEC o |5tively fast rotatorsy(sini > 5kms?), resulting in only 32
3.2 associated with fierential rotation, uncertainties in the

= S S targets with measureRsini. In Fig. 5 these data are divided
threshold inclination forRsini measurementr binarity, are

I 4 with th istical inties. Th into two bins both of which lie leftward of the shaded area in-
small compared with the statistical uncertainties. Theeea@l- yicating stars with radiative cores. According to the BHACL
ditional systematic uncertainties due to possible errothe as-

sumed distance modulus, reddening and age. T eare evolutionary model, stars of this luminosity and with an age
also small for NGC 2547' where the combined ul mncertainty of ~140 Myr should be ZAMS stars. An average over-radius of

X Hhio per cent relative to the BHAC15 model is inferred from the
(m—M)o andE(B-V) leads to an uncertainty of only 0.04 dex ing qjni"gata. This falls to-8 per cent relative to the Dartmouth-

estimated log. values, which corresponds to less than a 2.5 Py, yneticy REC-spot models. The measurement uncertainties
cent change in radius at a fixed luminosity. A change in ageof 50 therefore too large to discern whether the magnetic o+ no
Myr Iead_s to a change of only +1 per cent in the average Over'magnetic models better describe the data.
radius with respect to the BHAC15 models. It follows that the o i _ .
estimated over-radius (with respect to non-magnetic ns)det Also shown in Fig. 5 are estimates Rffrom previous work
convective stars is significantly larger @o) than both the ran- (Table 1 of Jackson & J&ies 2014b), which also used Gifa
dom errors in the measurements and the systematic undissairspectroscopy to estimatesini and periods from Irwin et al.
in the method. (2007), to determin®&sini for a sample that extended to lower
The observed over-radius of 240 per cent could be causeduminosities. The inferred mean radii from both datasetsash

by either magnetic inhibition of convection, by starspatbpa reasonable agreement for ZAMS stars over a relatively marro
combination of the two. common mass range.@b < M/M, < 0.65) and these are con-

sistent with either magnetic or non-magnetic models. The re
— The curve in the lower panel of Fig. 5 shows the over-radissilts of Jackson & J&ies (2014b) however demonstrate a much
produced by Dartmouth-magnetic models for a rotationkrger over-radius{ 40 per cent) for fully convective PMS stars.
dynamo and surface magnetic field strength of 2.5kG. THéis is the same situation as found in NGC 2547 and could be

We consider this cluster first since we have data for botly full
convective PMS stars and ZAMS stars with radiative cores.
Figure 5 shows averaged radii for 44 targets divided intan3 bi
one to the left of the shaded area containing stars with tigdia
cores and two to the right, containing fully convective stan
their Hayashi tracks. The average over-radius for the &utigle,

GES targets in NGC2516 are restricted to < 165.
Consequently there are relatively few targets with meabkpes
iods from the photometric survey of Irwin et al. (2007), wihni
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explained in the same way. Unfortunately no direct comparis — The radii of these young, fast-rotating stars in NGC 2547
for PMS stars in NGC 2516 can be made using the GES data. and NGC 2516 are, on average, larger than predicted by non-
magnetic evolutionary models. However, the discrepancy is
mostly apparent for the lower-mass, fully convective PMS
4.4. NGC 2264 stars. The current uncertainties in the age and distance for
Figure 5 shows average radii for targets in the mass range NGC 2264 preclude any meaningful comparison of stellar
0.4 < M/M,, < 1.4 according to the BHAC15 model of Bafa radii with the models.

et al. (2015). All but two targets show luminosities to thghti — The radii measured for higher-mass ZAMS stars in
of the shaded area indicating that they are PMS stars still on NGC 2547 and NGC 2516 are consistent with either non-
their Hayashi tracks. Table 4 lists the average radii fordases; magnetic or magnetic models. However, th&atence be-

the first calculated usingsini values for targets identified as  tween the predicted radii from these modeislQ per cent)
RV cluster members in section 2.2, the second using a sam-is comparable to the precision with which our limited sam-
ple of all targets with measureld andvsini > 5kms?t and ples permit the determination of average radii. A more deci-
—-20 < RV < 60 kms?. The broader sample generally shows sive test would require an additional 100 determinations
higher radii but not at a significant level. The results, agume  Of rotation periods to reduce the measurement uncertaintie
sured, are consistent with the majority of the faster rotatar- below 5 per cent.
gets being members of a single young cluster. — In contrast the average radii of the lower-mass PMS stars
The colour-magnitude plot (Fig. 4) shows a number of tar- significantly exceed those predicted by non-magnetic mod-
gets with measureRsini that have [ - K)o > 0.5 mag redder ~ els — by 29+ 10 per cent for members of NGC 2547 and
than the BHAC15 isochrone, too red to be unresolved binaries by ~ 40 per cent for members of NGC 2516 studied previ-
and suggesting that a fraction of the targets in NGC 2264 show ously using similar techniques. To explain this inflatiortwi
excessive reddening afod an infra-red excess due to the pres- the magnetic models would either require: (i) rotational dy

ence of disks, which could in turnffect their estimated lumi- namos that produce very large surface magnetic fieldsg
nosities and consequently our estimates of over-radiusedo ~ kG), that may be incompatible with direct measurements of
this hypothesis, targets with measured period were platted surface fields on active stars; (ii) starspots that bloclb30-

(J—H) versus H - K) colour colour diagram and those showing ~ per cent of the photospheric flux; or a more moderate com-
higher than expectedH(- K) colour with respect to the usual red-  bination of both.

dening band were flagged in Table 3 as having a possible infra- _ _

red excess. Excluding these flagged targets reduces thdsa??‘”o""'edgmts RJJ wishes to thank the UK Science and Technology

. . ilities Council for financial support. Based on data pitsl from obser-
Size by 10-20 per cent per bin but makes no makes no mea jons made with ESO Telescopes at the La Silla Paranal r@ieey un-
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Appendix A: Estimating the effect of binarity on
measured values of vsini
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Fig. A.1. The distribution of the fisets in measured valuesR¥ and of
vsini for a population of binary stars using the binary distribatpa-
rameters described in section 2.4, a luminosity-massoalaf L « M3
and a truevsini = 20 kms*. The black line shows the distribution as-
suming all stars are unresolved binaries. The solid histngghows the
actual probability distribution oAvsini > 0 for a random distribution
of targets with an initial binary fraction of 0.5 and wheregits show-
ing an dfsetARV > 5 km s are excluded from the distribution since
they would not be classified as cluster members (see Sekt. 2.4

Gaussian represents the secondary with vel®dity RV,/qand
FWHM W,, whereq is the binary mass ratio.

To a reasonable approximation théfeet of rotational
broadening is to increase the measure FWHM \ds =

Wo +/1 + (vsini/C)2 whereW; is the unbroadened line width,

C is a constant dependent on the resolutigp,of the spectro-
graph and the speed of light, asC = 0.895/R,, givingC =
15.8km s for the Girdfe spectrograph using order sorting filter
HR15N (see Jackson et al. 2015 for derivation). Using this ex
pression folWV, the apparent increase in the measured rotational
velocity relative to thersini of the primary is given byAv sini =

C VW2/W2 — 1 whereW, =~ (c/R;) /1 + (vsini)2/C2.

Fig. A.1 shows the distribution of thefset in the measured
recession velocityARV (relative to the centre of mass) and the
increase in rotational velocityv sini obtained for a random dis-
tribution of binary stars (as described in Sect. 2.3) withikir
true rotational velocities ofsini = 20kms?, where the rel-
ative flux from the secondary star is assumed to vary as a fixed
power of masd,/ f4 = " with n ~ 3. Binary pairs showing large

In the Gaia-ESO survey pipelinesini is estimated from the changes irRV will mostly have a membership probability0.8

broadening of spectral lines produced by stellar rotatiorhe

(e.g. see Fig. 2). In this example binaries wkRV > 5kms*

case of unresolved binaries, the line widths of the measurg@ assumed to be non-members and are not included in the dis-
spectrum may be increased relative to those of the primary sfipution of Avsini. Of course, only a fraction of stars are in bi-
depending on the fierence in RV between the primary and seGaries and this further reduces the proportion of starssihaty

ondary star and the relative contribution of the secondatié
observed spectrum.

large dfsets invsini (see Fig. A.1).
This analysis is used to calculate the additional bias in the

The additional broadening can be determined as a functigeraged radius due to binarity. First the fractional inseein

of the line of sight velocity of the primary relative to thentee of

individual Rsini values is calculated from the median increase

massRV,, and the relative flux contribution of the secondary af 11 Avsini/vsini using the target sini and (mass-dependent)
the wavelength of the observed specfidfa, by measuring the pinary fraction. The increased valuesRsini are then used to

FWHM, W, of a Gaussian profile fitted to the sum of two sep

rate Gaussian profiles. The first Gaussian represents tinanyri
star with central velocitRV + RV, and FWHMW;; the second

Fecalculate the averaged valueRadising the method described

in Sect 3.2.
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