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1 INTRODUCTION

The radii of tidally-locked, main-sequence K- and M-dwairis
eclipsing binary systems are consistently measured tagerlthan

ABSTRACT

Rotation periods obtained with the Kepler satellite haverbeombined with precise mea-
surements of projected rotation velocity from the WIYN 3n5telescope to determine the
distribution of projected radii for several hundred lowssd).1 < M/Mg < 0.8), fast-
rotating members of the Pleiades cluster. A maximum likedith modelling technique, that
takes account of observational uncertainties, selecffects and censored data, and consid-
ers the effects of differential rotation and unresolvedabiy, has been used to find that the
average radius of these stard is+ 2 per cent larger at a given luminosity than predicted by
the evolutionary models of Dotter et al. (2008) and Baratffe 2015). The same models are
a reasonable match to the interferometric radii of oldegmegically inactive field M-dwarfs,
suggesting that the over-radius may be associated withahegy magnetically active nature
of the Pleiades objects. No evidence is found for any changdkis over-radius above and
below the boundary marking the transition to full convestiBublished evolutionary models
that incorporate either the effects of magnetic inhibitidiconvection or the blocking of flux
by dark starspots do not individually explain the radiusatifin, but a combination of the two
effects might. The distribution of projected radii is cateint with the adopted hypothesis of a
random spatial orientation of spin axes; strong alignmehtise spin vectors into cones with
an opening semi-angle 30° can be ruled out. Any plausible but weaker alignment would
increase the inferred over-radius.

Key words: stars: magnetic activity; stars: low-mass — stars: evaiuti stars: pre-main-
sequence — clusters and associations: general — starspots

rotation. If magnetic activity is responsible for inflatitige radii of
fast-rotating binary components, then it seems likely thatsame
phenomenon will be exhibited by low-mass PMS and ZAMS stars.

predicted by most evolutionary models. The radius discreies Substantial evidence has emerged that this is the case. In-
amount to 1020 per cent at a fixed mass and thus for a fixed lumi- flated radii have been invoked to explain a number of puzztes:
nosity, the effective temperaturg,, can be underestimated by 5—  fotation-dependent anomalous colours of PMS and ZAMS stars

10 per cent (e.g. Lopez-Morales & Ribas 2005; Morales (0192 (Stauffer et al. 2003; Kamai et al. 2014; Covey et al. 2016¢; t

Torres 2013). The tidally-locked components of these lirsgs- rotation-dependent slca.tter of lithium depletion seen a;m@mS
tems are fast-rotating and magnetically active; this, tegrewith and ZAMS stars of similar mass and age (e.g. Somers & Pinson-
the fact that interferometrically measured radii for ngantela- neault 2014, 2015a,b) and the dlscreganues b?“"’e_‘?n miedtat p
tively inactive K- and M-dwarfs are in much better agreemeitin tions and the measured masses, radii and luminosities of &S
models (e.g. Demory et al. 2009; Boyajian et al. 2012), hdgde ZAMS eclipsing bina_ry systems (Krgus etal. 2015, 2016; Dati
theoretical developments that explain “radius inflatiomtérms of al. 2016). Th? adoption of ‘magnetic models” for low-masarst
the effects of dynamo-generated magnetic activity (MaxaRibas leads to the inference of significantly older ages (by a faofo

& Jordi 2008).

two) and higher masses for PMS stars (Feiden 2016; Messala et

Magnetic activity might have an influence on the radii of cool ~ 2016; Jeffries et al. 2017) from the Hertzsprung-Russelgeim
convective stars either through inhibition of convectibrotighout and commensurately longer empirically determined timesdar
the star (Mullan & MacDonald 2001; Feiden & Chaboyer 2014) or the duration of star and planet formation.
by blocking the emergence of radiative flux at the photospheéth Ideally, testing PMS/ZAMS magnetic models would involve
dark, magnetic starspots (e.g. Spruit & Weiss 1986; Machb&a direct measurements of stellar masses and radii, but thesmby
Mullan 2013; Jackson & Jeffries 2014a). Young stars on tlee pr  directly accessible for binary stars that might also becadfe by
main-sequence (PMS) or at the zero-age main sequence (ZAMS)tidal locking. Even the nearest PMS/ZAMS stars are just &wo f
are also highly magnetically active as a consequence of ridyeid away for precise interferometric radius determinationdirect es-
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Figure 1. Target selection: panel (a) shossin ), as a function of estimated mass (see section 2.1) for low stassin the Peiades with measured period.
Symbols correspond to the predicted obserfuesin i), (for an average spin-axis inclination and no radius inftgttdangles indicatév sin4), < 5kms™1,
crosses have < (vsini), < 15 kms™! and squaregvsini), > 15 kms™1), whilst the different colours correspond to intervals iagainferred from the
observedKopnass magnitude and” — K colour (blue forM > 0.64M), red for0.64 > M /M > 0.25 and black forM < 0.25M,. Panel (b) shows
V versusV — Konass colour magnitude diagram for the same data set using the samigols and colour coding. Panel (c) shows spatial digtabwof
low mass targets in the central region of the Pleiades. The leircles show the fields of view of the twelve observed WIMydra configurations (see Table
1).

timates of stellar radii can be made from measured lumissit et al. (2009) and Jackson & Jeffries (2014a) applied thedse- te
andT.g determined from colours or spectroscopy. This approach nigues to M-dwarfs in NGC 2516, a cluster with a similar age to
was adopted by Somers & Stassun (2017) in the Pleiades rcluste the Pleiades, finding a dramatic radius inflation that insedavith
(age 120 Myr) and they found some evidence for inflated régii (  decreasing mass, reachirgd0 per cent for the lowest masses con-
10-30 per cent) in ZAMS K-stars with rotation periods2 days sidered £ 0.25M ). Whilst a number of systematic effects (differ-
compared with slower rotating stars of similar spectraktyignfor- ential rotation, binarity) have been considered and adealifor, it
tunately this technique is subject to systematic erroreéTtq es- is possiblethat the rotation periods used, which were based on a rel-
timation and is insensitive to any inflation caused by daaksgiots, atively short ground-based campaign, might have led to takes
since these can reduce the luminosity of a star whilst |eptlie upward bias. The result has however been supported (witiptew
colour and spectral type largely unchanged. cision) by measurements of a few M-dwarfs in an even younger
An alternative geometric technique is to use the produab-ofr  cluster (NGC 2547, Jackson et al. 2016), but we wish to confirm
tation period P in days) with projected equatorial velocity in 4 whether such large radius increases are present in a laggies
in kms™!), which yields theprojectedstellar radius, in solar units;  with better-determined periods (see below). Second, #digtions
of the different flavours of magnetic model differ for low-gsestars
that are mostly or fully convective. Magnetic inhibition @fnvec-
tion predicts a stronger effect in higher mass stars withelaa-
diative cores (Feiden & Chaboyer 2015), whereas inflatias tdu
starspots is predicted to be more effective in fully conwvecstars,
; ) especially those which have yet to reach the ZAMS, which és th
can be modelled to determine the true average radius fonP@ 456 for stars with/ < 0.4M, at the age of the Pleiades (Jackson
stars, with a precision that improves with larger samples. & Jeffries 2014a). Hence measurements of radius inflatioosac

~The Pusini method was used by Hartman et al. (2010) to e “fylly convective boundary” could be diagnostic of thecha-
estimate average radii for G- and K-stars in the Pleiadegyusi- nism by which radius inflation occurs.

tation periods from the HATNet survey andin i measurements In this paper we present new results for low-mass stars in the
from a variety of literature sources. They concluded thatsstvith Pleiades. The cluster was included in the Kepler K2 misshtow¢

M > 0.85M¢ have radii coqsistent with non-magnetic evolution- || et al. 2014) for 72 days during “campaign 4”, starting Befbru-

ary models, but that stars with6 < M/Mo < 0.85 were 10 per 41y 2015, Rebull et al. (2016a) reported 760 rotation perifod
cent larger than predicted. Jackson & Jeffries (2014a) teeshme low-mass stars, including 600 in the rangé).1 < M /Mg < 0.9.
dataset and a similar modelling technique to compare thiéod 14 this can be added a further 40 periods for low mass stars
Pleiades stars with.55 < M /My < 1.0 with the interferometric (< 0.45M) from the Palomar Transit Factory survey (Covey et
radii of inactive main sequence field stars, finding an oadﬁgs al. 2016), and together these provide a large catalogueliabie

of 13 £ 3 per cent. Lanzafame et al. (2017) performed their own ytation periods that bridge the fully convective boundary

analysis showing that the effect appears to be driven by a0 We have targeted these objects with fibre spectroscopy from

per cent inflation for a subset of stars witlé < M /Mg < 0.8 the WIYN' 3.5-m telescope at the Kitt Peak National Observatory,
that are intermediate in rotation rate, but that fastetooseor more in order to determine sin s and hence distributions @& sin i. In

massive stars have radii consistent with model predictions
The goal of the present study is to extend these studies in the

Rsini = 0.0198 Pvsins 1)

(e.g. Rhode, Herbst & Mathieu 2001; Jeffries 2007). By assgm
a random spin axis orientation (e.g. Jackson & Jeffries apaad
taking account of observational biases, a seRain : estimates

Pleiades to lower masses. The motivation is twofold. Fiastkson

1 The WIYN Observatory is a joint facility of the University d¥isconsin
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sections 2 and 3 we describe the target selection and theureeas 2.2 Observations
ments that were made at the WIYN telescope. Sections 4 and 5
describe the analysis of these spectra to determite for indi-
vidual objects and to determine the average over-radiugrforps

of objects. In section 6 we discuss the significance of owligs
and compare them with the predictions of non-magnetic nsodel
and models that include the effects of magnetic inhibitiboan-
vection and starspots. Section 7 contains our conclusions.

The WIYN Hydra multi-object spectrograph (Bershady et 80&)
consists of a robotic positioner that can position up to 88fib
each with a 3 arcsecond diameter (we used the “blue” fibreepabl
across a 1 degree diameter unvignetted field of view at the Nas
myth focus of the 3.5-m WIYN telescope. The fibers were used
in conjunction with the bench spectrograph, an echellérgyatnd

an order-sorting filter to provide spectra with a resolvimgvpr of

~ 17,000. An STA1 2600<4000 pixel CCD camera was used in
2 x 2 binning mode to record spectra covering 400A centred
at~ 7850A. The FWHM of a resolution element corresponded to
2 SPECTROSCOPIC OBSERVATIONS about 2.5 binned pixels. Twelve field centres were chosenabo m
imise the number of high priority targets (see section 2Spare
fibres were allocated to second priority targets and to rteqieser-
Potential targets were selected from lists of Pleiades neesnhith vations of targets in cases of over-lap between fields. Finak0
measured periods reported by Rebull et al. (2016a), Covey. et  spare fibres were allocated to clear sk§0 arcsec away from the
(2016) and Hartman et al. (2010). Rotation period data wasert nearest source in the 2MASS catalogue.

preferentially from Rebull et al. (705 targets), then frorov€y el The observing program was performed over 9 nights during a
al. (44) and lastly from Hartman et al. (64). Data were maiche 6 month period from September 2016 to February 2017, althoug
with the 2MASS catalogue (Skrutskie el al. 2006) to give éarg  poor weather restricted the total observing time availabletails
co-ordinates (RA and Dec) and the appar&ntiass magnitude. of when each of the twelve fields was observed (field 1 was ob-
Figure 1 shows the distribution of potential targets in RAdan served on two nights), how many targets were in each field and h
Dec and in the colour-magnitude diagram. Targets for our{fibe |ong the fields were exposed for are given in Table 1. The riamge
spectroscopy study were selected from a 10 square degréies wi apparent/ magnitude (the relevant magnitude for the wavelength

2.1 Target selection

the highest target density. at which we observed) within a particular configuration wes r
The targets were prioritised according to their magsthigh- stricted to< 5 magnitudes to limit any cross-contamination of
est priority was given to lowest masses, but with a pracfaiak spectra between adjacent fibres. To make best use of varping o
magnitude limit of/ = 17.3), and a prediction of their ob-  serving conditions we further divided the targets into ght’ and
served projected equatorial velocity siné), = (7/4)50 R/P “faint” samples (with overlap). For configurations of fantargets
in kms™!, where P is the rotation period in days anfl is the (12.3 < I < 17.3), several one hour exposures were required
estimated stellar radius in solar units. Masses and radie we- to produce sufficient signal to noise (SNR) in the spectralio a
timated by comparing the luminosity of the potential targeth low resolution ofv sin 4 in the faintest targets. The brighter targets
the predictions of a 120 Myr solar metallicitypn-magnetienodel (9 < I < 14) required less time and could be observed more read-

isochrone from Baraffe et al. (2015) (hereafter BHAC15)eTh ily in partially cloudy skies. The names, co-ordinates, tphuetry,
factor of 7/4 is the mean value ofin, based on a crude as- rotation periods, estimated masses and radii (from the BEAC
sumption of an unbiased, random distribution of rotatiois axi- models) and derived luminosities for the 324 individualifddes
entations. The adopted metallicity and age are consistétfit w targets that were actually observed are listed in Table 2.
[Fe/H]= 0.03 £ 0.05 reported by Soderblom et al. (2009) and the

lithium depletion boundary age df25 + 8 Myr given by Stauf-

fer, Schultz & Kirkpatrick (1998). The luminosity of eachusoe

was estimated from itd/x value (accounting for extinction and

distance, see below) using a bolometric correction catedlasing

(V — K)o and the BHAC15 models. An intrinsic distance modulus

of 5.67 + 0.02 mag was assumed (Melis et al. 2014), a conversion

of Kcir = Koamass + 0.024 (Carpenter 2001) and a reddening 2.3 Additional observations of slowly rotating stars

of E(B — V) = 0.032mag (An, Terndrup & Pinsonneault 2007).

Using the relations of Rieke & Lebofsky (1985) this reddenior- Lhelr; yv%re an |ndsuff|C|er;t nlrJ]mber OT slohw-rot_ztlgng-dé/_varfs
responds to extinction ol = 0.10 mag andA x = 0.01 mag. the Pleiades to adequately characterise the width of speirtes

The targets were binned according(tosin ), (see Fig. 1a). in stars with negligible rotational broadening (see sec8at). To
Highest priority was given to the faster rotating targetghwi that end, also listed at the end of Taple 2, are 88 Iow-ma_getﬁar
(vsini), > 15km !, which are expected to yield measurable from Praesepe, an oldgr cluster, which also has measurﬂmper
vsins values at the resolution of the spectroscopic data (see sec-be}sed on K2 observgtlons (Douglas ?t al. 2017) anpl Wh'Ch con-
tion 2.2). Second priority was given to targets withsin ), < tains "ilh'gher proportion of slow-rotating M dwarlw in 1), <
5kms ! to provide a sample of very slow rotators which are ex- 3'kms ). The spgctra of these stars were observed on the same
pected to have unbroadened spectral lines and serve aslmdase nights as the Pleiades targets and with exactly the sameaHydr

for calibrating the measuredsin i as a function of spectral line spectrog_r aph set up and were taken from a compr_ehensw_et set o
width broadening (see section 3.4). observations made of low-mass Praesepe stars with knovin per

ods, which will be reported on in a subsequent papéx values

are estimated assuming a distance modulus 060297 mag (van

Leeuwen 2009) and zero reddening. Stellar masses and rewdi w
Madison, Indiana University, the National Optical AstrampObservatory estimated from intrinsid” — K colour and the BHAC15 models,
and the University of Missouri. assuming a cluster age of 670 Myr (e.g. Cummings et al. 2017).
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Table 1.Hydra Configurations observed in the Pleiades. The positiwa those of the field centres.

Config. File Range of Date UT of RA Dec Exposure Number Fibres oFibres on
number number [ magnitude exposure #1 (J2000) time (s)  exposures targets y sk
la 1013 12.3t017.3 2016-09-24 08:07:09 03:43:59.99 23%94 3600 3 48 27
1b 2046 12.3t017.3 2016-09-25 07:59:09 03:43:59.99 23%94 3600 4 48 27
2 4054 12.3t017.3 2017-01-03 05:43:01 03:47:46.00 23KE68 3600 6 52 20
3 6063 12.3t017.3 2017-01-05 04:45:10 03:45:59.99  2498BIP 3600 5 45 26
4 12053 9.6t014.0 2017-01-17 05:34:48 03:44:47.99 2443864 600 6 22 20
5 13025 9.6t014.0 2017-01-18 07:11:14 03:45:58.00 236BR1D 600 6 22 28
6 14025 9.6t014.0 2017-01-19 02:03:00 03:47:35.99 2394% 3000 5 40 29
7 21063 9.6t014.0 2017-02-02 02:20:17 03:46:59.99 239046 1200 3 30 25
8 21066 9.6t014.0 2017-02-02 03:47:40 03:50:39.99 240068 1200 3 24 26
9 21075 9.6t014.0 2017-02-02 05:53:13 03:45:18.10 258615 1200 3 22 25
10 22073 9.6t014.0 2017-02-03 02:25:01 03:44:02.79 282308 1200 3 7 25
11 22076 9.6t014.0 2017-02-03 03:51:08 03:49:30.00 2305 1200 3 18 26
12 22079 12.3t017.3 2017-02-03 05:19:13 03:43:27.99 230005 3600 2 33 25

Table 2. Properties of observed science targets in the Pleiadesefe@mce slow rotators in Praesepe. Masses and radii ameated from the models of
BHAC15. The final column gives the predicted equatorial e#jo— see section 2.1. A sample of the table is given herefuhédable is made available
electronically.

Target name RA Dec Komass V—K  Period Ref. BCg logL/Lo; M/Ms R/Re (vsini)p
(2MASS) (J2000) (mag) (mag) P (days) * (mag) (kms™1)
J03414895+2303235 034148.951 +230323.54 13.19 6.09 0.2391 2.86 -2.26 0.19 0.24 39.3
J03415671+2358434 034156.716  +23 58 43.42 13.25 5.76 0.4011 2.82 -2.27 0.18 0.24 23.3
J03415864+2257020 03 4158.648 +22 57 02.00 11.90 4.78 6.8421 2.72 -1.68 0.40 0.38 2.2
J03421789+2406578 034217.890 +240657.83 12.97 5.53 0.6031 2.80 -2.15 0.22 0.26 17.0
J03422626+2351386 0342 26.266 +23 51 38.67 13.45 5.97 0.4961 2.85 -2.36 0.17 0.22 17.7
J03422941+2247261 034229.418 +224726.19 10.92 4.11 0.3251 2.62 -1.25 0.56 0.52 62.4
J03423396+2411008 034233.960 +241100.81 13.42 5.89 0.5641 2.84 -2.34 0.17 0.23 15.8
J03424184+2400158 034241.848 +24 00 15.81 12.68 5.17 0.6711 2.76 -2.01 0.26 0.29 17.1
J03424239+2320218 034242.396 +232021.87 11.45 5.28 0.2691 2.77 -1.53 0.46 0.43 63.4

* Period measurement taken from (1) Rebull et al. 2016a, (Reg et al. 2016, (3) Hartman et al. 2010, (4) Douglas et d720

3 DATA REDUCTION observations in September 2016 were centered-@830A with

a common wavelength range of 7620—8@35ubsequent obser-
vations were centered or7890 with a common wavelength
range of 7681-809% A fine adjustment was made to the wave-
length scale applied to each observation to compensaterifor d
between day-time calibration and night-time observatidine ad-
justment was determined by comparing the measured wavhleng
of six strong, unblended emission lines in the median skgtsae
with their reported wavelengths. The weighted mean skydiore
rection varied from—0.6 to +1.5 kms™' (—0.02A to +0.04A)
with, in most cases, an uncertainty €f0.25 kms! although a
higher uncertainty (0.9 knig) was found for configuration 5 (see
Images of the science fields and associated flat and arc ewgosu Table 1).

Many of the target spectra were faint, requiring an optinxaiae-
tion strategy to provide sufficient signal-to-noise rat8BNR) for
useful analysis. Strong sky emission lines were a domireattfe
in the fainter spectra. For these reasons we used purpdsedit

ware for data reduction based on the pipeline describedcksda
& Jeffries (2010b), adapted where necessary, to the claaistots
of the WIYN telescope and Hydra spectrograph.

3.1 Extraction of target spectra

were debiased and rebinned to compensate for the initightune Target spectra were sky subtracted using fibre efficiencies e
of the spectra on the CCD image. The flat frames were the me- timated from the amplitude of the flat field spectra which, whe
dian of 11 tungsten-lamp flat exposures recorded in therafter checked, showed good agreementl(5 per cent rms) with the
prior to night-time observations. One dimensional spestee op- throughput measured from a twilight sky exposure of the szone
timally extracted from the science frames using the procede- figuration on the same night. Spectra from repeated exp®sare
scribed by Horne (1986). Counts per bin and uncertaintiee we the same configuration (see Table 1) were corrected fordelio
calculated for a gain of 0.44 electrons/ADU and a read owgenof tric radial velocity and the median taken to produce finaksge
3.1 electrons. and corresponding uncertainties, in ,43).$teps over the common
Arc spectra were extracted from Thorium-Argon lamp expo- wavelength ranges. Figure 2 shows typical spectra withtsgdec
sures recorded during the day prior to observations. Gaugis types estimated fromi{-K), (Kenyon & Hartmann, 1995). De-
were used to determine the locations of 6 well-spaced uratatl spite care taken with sky subtraction, lower SNR spectravsho

arc lines recorded through each fibre. Cubic polynomialdita¢ése residual sky lines which could adversely effactini measure-
were used to rebin spectra onto a common wavelength scade. Th ments if not masked prior to further analysis. A total of 4pgctra
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Figure 2. Representative spectra of stars in the Pleiades showingréise
ence of skylines in lower SNR spectra. The spectral type$)Spown are
estimated from¥ - K)o using the relationship proposed by Kenyon & Hart-
mann (1995). The lower (red) plots indicate sections of flecsa that are
masked to minimise the effect of sky lines for measuremenkbf and
vSsin .

were collected for 324 separate targets in the Pleiadespddira
were rejected from further analysis because of a low SNR)
reducing the number of Pleiades targets to 319.

3.2 Measurement of radial velocities and spectral broadenig

RV andwvsini were measured by cross correlating the median
spectra of individual targets with the spectra of standéacssand
then fitting a Gaussian function to characterise the pealhén t
cross-correlation function (CCFRV's were determined from the
position of the peak in the CCF and the spectral broadenirg wa
estimated from the increase in full width half maximum (FWHM
of the Gaussian fit with respect to FWHMhe CCF FWHM mea-
sured for slow-rotating stars of similar spectral type.

Table 3. Calibration standards. Target spectra are cross cormelaith
spectra of CCF templates (see section 3.2). Specwaiof: standard stars
are used to define calibration curveswofin i versus FWHM (see section
3.3).

No. Mg CCF template vsini

range (spectral type) standard(s)
1 >5.5 HD 34055 (M6V) Gl 133/Gl 285
2 49-55 HD130328 (M3Ill) GI133/Gl 285
3 44-49 HD156274 (MOV)  GIl184/Gl205
4 3.9-44 HD 10361 (K5V) GI1184/GI 205

3.3 Measurement precision

The precision ofRV and FWHM measurements were determined
empirically from the change iRV and FWHM between repeated
measurements of the same target either in the same conitgurat
(1a and 1b in Table 1) or for targets present in two or more con-
figurations. To maximise the sample size, targets from Rpaes
(see section 2.3) were also included in the analysis to gii@ a
tal of 174 repeats compared with 65 in the Pleiades alonaumss
ing that the standard deviation of the measurements of Bdth
andw sin ¢ are proportional to the FWHM of the CCF, the distribu-
tion of measurement uncertainties measurement was chesact

by a t-distribution, withv degrees of freedom, with a width that
is scaled by a function that features a fixed systematic coemto
plus a component that depends on SNR. In the limit 6% oo this
would be equivalent to a Gaussian with a standard deviaii@ng
by the scaling function.

Uncertainties were estimated from repeat observationsdof i
vidual targets Erv=ARV/+/2 and Erwav=AFWHM/+/2). The
distributions of these were modelled in order to choose gmcap
priate v and to obtain empirical values for the dimensionless pa-
rameters A, B,« andg of the scaling function$'ry and Sewam,
where S in each case is a measure of the standard deviation and
defined as

Sry = FWHMy/A2? 4 (B/SNR)2, @
whereA = 0.025 andB = 0.95, and
Srwum = FWHMy/a2 + (B/SNR)2, @)

wherea = 0.036 and3 = 0.68. Given that the FWHM is> 22
kms™!, this indicates absolute uncertaintiesR¥ of at least 0.5
kms ! and FWHM uncertainties of at least 0.8 km's once the
SNR greatly exceeds 40.

The upper plot in Fig. 3 shows the cumulative distribution of
the normalised uncertainty iRV’ (i.e the ratio of measured uncer-
tainty to the uncertainty predicted I8y using the best fit values
of A and B. A t-distribution withv = 4 degrees of freedom is a
good match to the data. Note that a finite valuer dfidicates that

For this analysis the spectra were truncated shortward of the tails of the distribution are more prominent than a nowisiri-

7705 to avoid strong telluric features. Spectra were also maske
at the positions of the strong skylines (see Fig. 2) and redsin
(with 10000 points) on a logarithmic wavelength scale, Tlasked
spectra were cross-correlated with template spectra fagenthe

bution and that a 68.3 per cent confidence interval would Yengi
by 1.14 Sgyv for v = 4. The lower plot shows the distribution of
normalised measurement precision for FWHM. In this casédihe
of the normalised distribution is slightly more extendedtsthat a

UVES atlas (Bagnulo et al. 2003). Five templates were used to t-distribution withv = 3 provides a better fit and a 68.3 per cent

approximately match the expected spectral types of Plgitate
gets based on their (binned) absolute K magnitude (see Bable
Cross-correlation yielde®V and FWHM values for 319 targets,
but 5 of these were rejected after visual inspection; 2 wesk-w
separated spectroscopic hinaries and 3 had very poor @aufisi
to the peaks in their CCFs.

confidence error bar would be given by20 Srwrm.

3.4 RV anduwsinj for the Pleiades targets

Table 4 gives the measurdtl” and FWHM and estimated uncer-
tainties of the 314 Pleiades targets with well defined CCRsdhn
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Table 4. Measured values of relativBV, FWHM, v sin¢ and R sin . When the relative uncertainty insin s is greater than 30 per cent an upper limit of
vsin is shown based on the measurement uncertainty in FWHM (stiers8.4.3). The corresponding upper limititisin ¢ is treated as left-censored data

in the maximum likelihood analysis determination of ovadius. A sample of t

he Table is shown here, the full versi@vislable electronically.

Target name Mg logL/Le Period SNR RV Sry  FWHM  Spwam FWHMg  wvsint  Sygins Rsing
(as 2MASS) (mag) (d) (km/s)  (km/s) (km/s) (km/s) (km/s)  (n/ (km/s) Ro)
J03414895+2303235 7.51 -2.26 0.239 9.9 -1.2 2.9 29.2 2.3 2 24.18.2 4.1 0.087
J03415671+2358434 7.57 -2.27 0401 159 0.7 2.4 37.6 2.1 2 24.284 22 0228
J03415864+2257020 6.22 -1.68 6.842 36.3 -1.2 0.9 24.7 1.0 .2 24&10.6 — <144
J03421789+2406578 7.29 -2.15  0.603 477 0.1 0.9 26.9 1.0 2 24,132 25  0.159
J03422626+2351386 7.77 -2.36 0.496 13.7 -11 1.9 25.4 1.6 2 24&12.8 — <0.13
J03422941+2247261 5.24 -1.25 0.325 737 3.1 2.1 74.8 2.8 7 24.50.8 1.4 0330
J03423396+2411008 7.74 -2.34 0.564 285 -0.5 1.2 27.9 1.2 .2 24 159 2.6 0.179
J03424184+2400158 7.00 -201  0.671 653 -0.5 0.9 30.4 1.1 .2 24 202 1.9 0271
J03424239+2320218 5.77 -1.53 0.269 457 0.6 11 33.4 1.3 2 24.238 1.7 0.128
3.4.1 ClusterRVs
1.0 The RV's in Table 4 are measured relative to the cenfé®l of the
cluster such thaRkRV,e; = RV — RV, where RV} is the median
E 0.8r1 ] value of the targeRV's measured relative to a particular CCF stan-
2 dard (see Table 3). The dispersion of the meas@&d;, estimated
'S 0.6 7 from the median absolute dispersion (MAD) of the tarafs, is
3 _ 2 - 0:=1.2kms ! (using the approximate relatiean =MAD/0.68 for
-% 0.4+ Sey =FWHMA+(B/SNR™ | a t-distribution withv = 4). o, is due to the combined effect of (a)
=] A= 0.025 intrinsic dispersion in the cluster, (b) measurement uag®ies
£ 0.2 B=0.095 1 and (c) the effects of binarity. It is used here to define a wimnof
° v=4 acceptableRV's for Pleiades membership [#8V,..;| < 10kms™!.
0.0 ‘ ‘ Using this criterion eliminates 9 targets as possible nemivers
’ or short period binary systems.
0 2 4 6
normalised uncertainty Eg,/Sgy
3.4.2 The FWHM zeropoint
1.0 Figure 4 shows FWHM of the CCFs as a function)dfs for the
Pleiades targets, with vertical dashed lines showing tlselate
> 08F magnitude ranges used to decide which templates were usat! to
= culate the CCF. Also shown are the FWHM values for slow-iogat
3 06l targets in Praesepe (i.e. targets witrsini), < 3kms'). The
g ) FWHM of 93 (predicted) slowly rotating Praesepe targetetogr
0 S = FWHM,/a? + (81 SNR? with 22 similar slow rotators in the Pleiades were used tongdfie
s 0.41 ] median CCF width for slow-rotating stars, FWHMn the respec-
g a =0.036 tive Mk bins. The relationship between the FWhiMnd M is
3 0.2 B=0.68 1 shown in Fig. 4 and given for each star in Table 4.
v=3
0.0 ‘ !
0 2 4 6 3.4.3 wsini values and their precision

normalized uncertainty Eqym/Sewim

Figure 3. Measurement precision d@l and FWHM estimated from the
the CCF with template field stars (see Table 3): Plots shoestimula-
tive distribution functions of the uncertainties (normselil using equations 2
and 3 with the parameters shown on the plots).

be used to determine stellasin i. Where repeated measurements

The target sin ¢ values were determined frodFWHM=FWHM-
FWHM, using calibration curves produced by artificially broaden-
ing the spectra of bright, slowly rotating standard starssneed

at the beginning and end of each observing night. T ki@ ¢ stan-
dards used to calibrate each range of Mre given in the final col-
umn of Table 3. The broadening kernel assumed a linear ling da
ening coefficient of 0.6 (Claret, Diaz-Cordoves & Gimene2399
Figure 5 shows the relationship betweesin i and AFWHM for

the range of spectral types in our sample. For valuessof i > 60
kms~! we found that the exact calibration depended on which
template star was chosen, even at the same spectral typeadns
for these rapid rotators, the relationship was linearlyapalated
from smaller values, which we found provided a good matchéo t

were made of the same target the values shown in Table 4 are thecross-correlation FWHM values obtained from high SNR sgect

weighted (byS~—?2) mean values.

of slowly rotating Pleiades members of similar absolute mitage
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Figure 4. FWHM of the CCF measured on targets in the Pleiades (blue
circles) and Praesepe (red triangles) as a functiol/@f. Dashed vertical
lines delineate the ranges where particular templates used to calcu-
late the CCF (see Table 3). Horizontal bars show the derieed-goint,
FWHMy, for slow-rotating stars as a function &f .
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Figure 5. Calibration curves ob sin: as a function of the FWHM of the
CCF. Results are shown for the four CCF templates listed bieTa cross
correlated with artificially broaded vsini standards of iimspectral type
(see section 3.4.3). Curves are offset on the vertical axisdrements of
20kms1.
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Figure 6. Measurement precision ofsin ¢. The plot shows shows the rela-
tive uncertainty inS,, sin i /v sin i (see eqn. 4) as a function of the measured
FWHM for increasing levels of SNR. Tabulated values on thoé phow the
minimum levels of FWHM/FWHN at each SNR value that can be dis-
cerned to yield a 30 per cent uncertaintyvigin .

that were artificially broadened. This comparison also akvthat
the calibration uncertainties appear to grow from very $nales
atlowwvsini to ~ +5 per cent forvsini > 70 kms™'. However,
since fewer than 5 per cent of the sample used to determine the
over-radius in Pleiades stars (see section 4) are in thimegghis
systematic calibration uncertainty leadstad per cent uncertainty
in our final results and we neglect it in the rest of the analyse

The calibration curves in Fig. 5 vary approximately as
(vsini)? oc AFWHM for vsini < 60 kms™* and the precision
invsini varies asSysini = st Spwhm. Using these expres-
sions therelative precision invsini, defined here a€l,sini =
Awvsini/(v/2vsini), scales as

Svsini ~ a2+(ﬂ/SNR)2
~ 2(1 — FWHM,/FWHM) '

4)

v sing

This formulation should be reasonably accurate updim ¢ ~ 60
kms™', but may underestimate the uncertainties for the small num-
ber of very fast rotators in our sample. Figure 6 shows the var
ation of the relative uncertainty insin: with FWHM/FWHM,

for increasing levels of SNR. These plots were used to calcu-
late the vsini uncertainty and also to define a threshold for
FWHM/FWHMj, as a function of SNR, that marks where the level
of rotational broadening is large enough to yield a resokedde

of vsini. We choose this threshold such that the relative uncer-
tainty invsini is < 0.3 and targets with FWHM/FWHM below

this level are assigned an upper limit valuewafin 7 at the value
corresponding to this threshold value. The threshold safriem
FWHM/FWHM, = 1.12 for SNR= 10 to FWHM/FWHM, =
1.06 for SNR= 100. These threshold FWHM values correspond to
vsin 4 upper limits of< 13 kms™! and< 10 kms™! respectively,
with a small dependence on spectral type.

Downl oaded from https://acadeni c. oup. coml mras/ advance-articl e-abstract/doi/10. 1093/ mras/ st y374/ 4875939

by University of Keele user
on 02 March 2018



100

90 ¢

@ 80 -
E i
=2
5 70 4
2 L]
5 60 § )
14 L)
é 50 1
5 cg [)
S 40 [}
2 (]
g 309 b(§§ Line y= m vsiniy, + C
= a
g 201 i : where m = 0.99£0.03
S 1] ¢ and C =0.1#1.1
0 T T T T
0 20 40 60 80 100

vsini; measurements from the literature (km/s)

Figure 7. A comparison ofv sin ¢ values (with fractional uncertainties of
< 30 per cent andRV;e|<10kms™1) with literature values (Queloz et
al. 1998, Marilli et al. 1997, Stauffer and Hartmann 1987d&blom et
al. 1993, O’Dell et al. 1994 and Krishnamurthi et al. 199&)eTBolid line
is a linear regression, neglecting the three outliers J8398+2416027,
J03434841+2511241 and J03475973-2443528 marked as agtrespec-
tively on the plot. Error bars are 68 per cent empirical utaisties in our
measurement precision.

3.4.4 Comparison of sin 7 with other work

The empirical analysis described above gives only a pastahate

of the absolute accuracy, which is due to both the measutemen

precision and the uncertainty in the absolute calibraffanassess
the calibration accuracy, our values fogin ¢ were compared with
those reported in the literature. Matches were found foraBdets
with |RV;.¢;| < 10km s ! and relative uncertainty insin i < 0.3.
The comparison is shown in Fig. 7 and demonstrates satisfact
agreement between the two datasets. There are three tistitac
liers, two of which, marked (a) and (c) in Fig. 7, are identifies
spectroscopic binaries in Mermilliod et al. 1992. Linearession
of the two datasets (excluding the three outliers) showsignfs
icant systematic difference between awin : measurements and
the literature values.

4 COMPARISON OF MEASURED RADII WITH
CURRENT EVOLUTIONARY MODELS

The measurements ofsin 7 in Table 4 are used with the reported
rotation periods to estimate projected raBisin ¢ (using Eqn. 1)
for Pleiades members witlRV;«1| < 10kms™*. The uncertainty

in Rsins is estimated on the basis that the uncertainty én ¢

is much greater than the uncertainty in period givinfyaational
uncertainty inRsin i of Sy sins/vsind, as in Eqn. 4. For targets
where this fractional uncertainty is greater than 0.3, veigasup-
per limits to Rsin 4 as calculated from the target’s period and the
upper limit tow sin 1.

0.8

o ]
¥ z
TS T I T T T TS T AN TS ) MO RO N

0.6

0.4

Measured Rsini or Model R,

0.2

OO0l vl b

MK

Figure 8. Variation of the projected radiiR sins with M for Pleiades
K- and M-dwarfs. Diamonds with error bars show targets wittelative
uncertainty inR sinz< 30 per cent. Triangles show upper limit values for
targets with higher levels of uncertainty. Solid and daslivegs show pre-
dicted radii in solar units of the BHAC15 and Dartmouth ([2ott al. 2008)
120 Myr solar metallicity isochrones.

dius measurements can only apply to those relatively fasting
stars that are in this restricted sample. The effects oéasing the
(vsin i), threshold to a more restrictive 15 km's(and decreas-
ing the sample size) has no systematic influence on the sgsek
section 5.1).

Figure 8 shows sin ¢ versusM i for the restricted sample to-
gether with predicted model radi,,, from the BHAC15 and Dart-
mouth evolutionary codes (Dotter et al. 2008). For pratiea-
poses these two models are identical over the range of taedat
sidered here. In what follows, the ratio of projected radousodel
radius at the target luminosity,sini = Rsini/Rn, is referred
to as the “normalised radius”. In the absence of radius infighe
distribution of r sin < would simply reflect the values 6fin: in
the sample convolved with any measurement uncertaintidédian
ases. Where targets show radius inflation R¢R,, > 1) then the
rsin ¢ distribution would also be scaled by a similar amount.

Fig. 9 recasts Fig. 8 to shomsin i as a function ofog L/Ls
for targets with—2.7 < logL/Lo < —0.6. According to
BHAC15 this range ofog L/Lg is roughly equivalent t@.8 >
M/Ms > 0.1, which spans spectral types efK3 to ~M5
(Kenyon & Hartmann 1995). There are a total 172 targets wigh-m
sured values of sin ¢ with a relative uncertainty0.3. A further 22
targets have only upper limits to theisin ¢ and are represented as
left censored data in subsequent analyses.

The peak in the distributioappearshigher than would be ex-
pected for stars with a random alignment of spin axesni ~
7 /4, indicating that the stellar radii may be systematicalkgéa
than predicted by the models.

In the subsequent analyses the sample is restricted to those

objects with(vsini), > 10 kms™*. This threshold is chosen to
approximately match the resolution limit of our measuretseari
v sin 4. Whilst our analyseslo incorporate upper limits, enlarging
the sample to include more slowly rotating stars simply adday
upper limits that do not constrain any over-radius and jddtraore
noise to the results. The reader should then be aware thateur

4.1 Maximum likelihood method

A maximum likelihood method is used to determine the average
dius ratio or over-radiug; = R/R,, of the measured data relative
to BHAC15 model radii, as a function of luminosity. The apgeh

is similar to that used by Lanzafame et al. (2017) to estirttae
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Figure 9. Normalised radii in the Pleiades. Plot A showsin i as a function of luminosity (see Table 2). Diamonds with ebars show- sin ¢ for targets
with a relative uncertainty<30 per cent. Triangles show upper limits for targ@isin i), > 10 kms™! with higher levels of uncertainty( 30 per cent).
Plot B shows a the number densit®, (i, ;) of targets with a relative uncertainty 30 per cent as a solid histogram, with the open histogram ituthe
stars with upper limits at their upper limit values. The ddttine showsP, 4;,, ; for stars with the radii that are predicted by the BHAC15 atiohary model
(i.e. an over-radiup = 1). The solid red line shows the maximum likelihood model vhdorresponds to an average over-radiup ef 1.14 relative to the
BHAC15 model.

over-radius of higher mass stars in the Pleiades. In theptesse
the probability of achieving a particular value ofin 7, written as !
o(rsini|P;, Lj, p), is calculated for individual targets depending L i
on their period P;, luminosity, L ;, andp rather than using uniform L Forp=1 _ ]
probability density function for all targets with measuredn i. - no binaries or SDR rsini = 0.78 1

| with binaries & SDR  rsini = 0.79

4.2 Probability function for measured data | with binaries, SDR& 1

=y [ measurement uncertainty rsini = 0.79 7
In the ideal case of error-free measurementdcdind v sin ¢ for = or 7
single stars, with a random alignment of their spin axes acep g | |
the probability density increases with inclination@@) = sin . ; L ,
Hence the probability density function o&in i is % .

< i

TN . . . S

¢(rsini|p) = ptanfarcsin(rsini/p)] for rsini < p. (5) g i

In practice¢ is modified by the effects of surface differential ro-
tation, binarity and measurement errors. These effectihaesti-
gated in the following subsections and as an example, Fi0re
shows howy would be modified for a representative star of mass, ‘
0.4Mq, SNR= 50 and (v sin i), = 20kms™". 00 02 04 06 08 I

Rsini/R,, (for p=1)

- o
1.2 1.4

I
1
1
1
1
1
1
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4.2.1 Surface differential rotation ) o ) ) ) o
Figure 10.The probability density of measuring a normalised radisis ¢

Surface differential rotation (SDR) can lead to systematiors for a representative star of massd Mo, SNR= 50 and (vsini)p, =
in the estimated radii, because solar-type SDR causes thefa 20kms~1. The black line shows the ideal case of precise measureroents
surface rotation to reduce towards the poles (Krause & Raedl P andwvsin< on a single star. The‘dashed red histggram shows the com-
1980). If the starspots responsible for light curve modatagre blne_d effects of SDR (as_sumed to |_ncreasﬁ1 z’_by a fixed 1 per cent, see
distributed over a range of latitudes then the measuretionteate, section 4'.2‘1). and binarity. The solid green h'.smgram shthe net effect

. . . of SDR, binarity and measurement uncertainties.
Q.. will be less than the rotation rate at the equathy,. Reinhold
et al. (2013) measured periods for thousands of active stahe
Kepler field. In most cases a second period close to the oatati
period was detected which they interpreted as resulting S®R. of the average angular frequency of our Pleiades targethéva
For low mass stars they found an average difference in ootagite a measured sin i, whereQ),,, = 14 radians/day. This is in agree-
of AQ = 0.08 radians/day between the two measured periods thatment with the analysis of multi-periodic stars in the Pleiadata
was almost independent of measured period and is a smalbfiac by Rebull et al. (2016b), where no evidence could be found for
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differential rotation among the fast-rotating M-dwarfatlare the cept where the details of thesin 7 distribution become important
subject of this paper. Taking,, — 2., asapproximatelyequal to in section 5.3.2.
AQ then the fractional increase in measured period compared to
the true equatorial period\2/2,,, would be< 1 per cent. The
corresponding increase irsin ¢ will be similarly small. 4.2.3 Measurement uncertainties

The potential effects of SDR are shown in Fig. 10 for illustra
tive purposes, but it is neglected as insignificant in ourmaaialy-
sis and results.

Uncertainties in the measurements will broaden the digich of

¢ according to the expected fractional uncertainty-ifini. The
uncertainty inP is assumed to be small compared to the uncertainty
in vsin4, hence the fractional uncertainty insins also equals

4.2.2 Binarity Susini/vsini. A Monte Carlo method is used to calculate the ef-
] ] ) fect of measurement uncertainties @nwhere the fractional un-
A proportion of the targets will be part of unresolved binags- certainties in trial values ofsin i are the product of the fractional
tems. Short-period binary systems are easily identifiecthftbe uncertainty invsini given by Eqn. 4 and random values drawn
offset in RV,..; from the cluster mean and/or double peaks in their fom a Student's-t distribution witly = 3. Measurement uncer-
CCF and these are rejected from the sample. However, adnefi  tainties broaden the peak inbut have almost no effect ansin i
the retained targets will be in longer period spectroscbpiaries, (see Fig. 10).
resulting in @ broadening and shift infor two separate reasons, The effects of measurement uncertainties are included f al

both of which are accounted for with a Monte Carlo simulation oy supsequent analyses.
of the binary population. We assume a binary frequency far lo
mass Pleiades stars of 30 per cent (Duchéne & Kraus 2013). We

also adopt the lognormal period distribution and flat mase eand 4.2.4 Multiple periods

eccentricity distributions found for field stars by Raghaw al. o ) ) ]

(2010). Any uncertainty inP is neglected in our analyses, but in a fraction
First, the CCF may be broadened due to the unresolved veloc- of cases — 36 of the 194 stars used in the final analysis — Rebull

ity difference between the two components. In these casanéfa- et al. (2016a) report more than one possible period from the K

suredv sin i will (on average) be systematically larger than the true Pler K2 light curves. In all these cases we have used the 8riig
vsin i of the primary star, by an amount that depends on the differ- identified by Rebull et al. a#’, the most likely rotation period of
ence inRV and relative luminosity of the primary and secondary. the star. The status and cause of these multiple periodsdestied

The effect is modelled as described in Appendix A of Jacksah e N detail by Rebull et al. (2016b). For the fast rotating Maits

(2016). For each target, the properties of possible secgrears that constitute most of our sample, thg multiple periodspaoba-
are drawn at random from the binary distribution descrideave. bly due to unresolved binary companions. Given that Reludl.e
The increase in the FWHM of the CCF is then estimated as a func- (2016a) find very little correlation between photometriopéitnde
tion of the line of sight velocity of the primary and secondafars and either rotation period or photometric colour for— K > 2
(relative to the centre of mass) and the relative flux coutitn (which applies to all our targets) then we expect that in tfagom

of the secondary at the wavelength of the observed spedtia. T ity Of these cases the rotation period reportedass the rotation

is done by measuring the FWHM of a Gaussian profile fitted to the Period of the brighter primary star and that this corressatacthe
sum of two separate Gaussian profiles representing the gyrana vsin i we ha\_/e measured. However, there is a possibility Fhat some
secondary stars. The ratioofin i determined from the FWHM of ~ Of these periods are actually the period of an unresolvediefa

the combined profile to the truesin i of the primary is averaged ~ Secondary star and that i sin i value is in error. .

to determine the bias insin i and hence: sin i caused by binarity. Without further information we have no way of knowing the

The typical effect is to broaden the distributiondfand produce ~ Probability that the measured peria, is that of the primary star.
a small tail of detections withsini > p. This potential bias in 10 test whether this could have any implications for our kesue

vsini decreases with increasingsin i, but the average effect in ~ SImply repeated the analysis after excluding these stéais aver-
our sample is to increase the estimateth i values by an average ~ 29€ over-radius (reported in section 5 and see Table 6)éuféom

of < 2 per cent. the filtered dataset was increased by 1 per cent, which islesmal

Second, the model radius used to calcutatia 7 is systemat- than the size of the statistical uncertainties. This snfiteis en-
ically over-estimated in binary systems, because the sykieni- tirely consistent with our earlier assessment of the eftecthe
nosity is larger than the luminosity of the primary star. Stgads rsin ¢ determination of including unresolved binary systempg;if
to anunder-estimatef r sin i if the effect is ignored. For each bi- 1S in fact the period of the brighter primary in all cases.

nary in the simulation we estimate the luminosity of the faiyn
and the system and use this to calculate the biassin that is
introduced. The average effect for stars in our sample istoaghse

the estimated sin 7 values by an average of 3 per cent, andghe A probability distribution ¢(rsini|P;, m;, p) is calculated for

4.3 Censored data

distribution is also modified by the appearance of a smalivipt the j*" target. The value of this function at the measured
atrsini ~ 0.8 due to binaries with similar mass components (see j sin i; defines the probability assigned to a particular target,
Fig. 10). o(rsini;|Pj, mj, p). Targets with a relative measurement uncer-

The net effect of binarity for our sample is to cause a broad- tainty > 0.3 are treated as left censored data where an upper limit
ening of the¢ distribution and to decrease the estimatath i by rsinsuy is calculated from the target's period and upper limit to
about 1 per cent, although this number will depend lineanlytee vsin i. The probability density for these stars is estimated as;
assumed binary frequency and in a more complex way on the as-
sumed details of the distributions of mass ratio and orlpiéaiod. o o SIS (i sin | Py, my, p) d(r sin)
In what follows we will usually neglect the effects of birigriex- ¢(rsini < rsiniyL|Pi,ms, p) = 7 Sin UL '
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corresponding to the average valuegdietween 0 and sin iur,.
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4.4 Estimating the best fitting over-radius

The best fit value ofp is determined by maximising the log-
likelihood function;

In? = Zln ¢(rsini;) + Zln ¢(rsini < rsinivr,k)  (7)
1 m

Period (d)

wherel < j < [ are the set of targets with measured values of
rsini and1l < k < m are those targets withsin ¢ upper limits.
The log-likelihood is computed over a range of valuespofhe
maximum of the Iikelihood-function],nf?, is used to define the
most likely value ofp, and the standard deviation of the likelihood-
function is used to estimate the uncertainty.

5 RESULTS

In this section we present the measured radii of fast rajdtiw
mass stars in the Pleiades relative to the radii predictedafo
120 Myr cluster using BHAC15 evolutionary models. Figure 11
shows the measured period versus luminosity of Pleiadgsttar
with log L /Lo < —0.2 reported in Rebull et al. (2016a), Covey
et al. (2016) and Hartman et al. (2010), together with thdaess
for which we obtained spectroscopy and those stars whicle wer
included as part of thesin ¢ analysis.

>
s! 101
5.1 The estimated over-radius

The data were allocated to three luminosity bins for analysth
roughly equal numbers of targets per bin (see Fig. 11). Tipeup
bin spans a relatively wide range of mass (0.4 to 08 stimated
from the BHAC15 models) and includes both fast rotatingsstend
stars that appear to be in transition between the gyroclogival

“C sequence” and slower “I sequence” defined for F-K stars by
Barnes (2003, 2007). The central and lower mass bins are more
densely populated, but consist of almost exclusively dfri@isting
stars. It is clear that the stars included in thén ¢ analysis repre-
sent a subset of the total population that is heavily biaseads

(V'K)o

Figure 11. Plot A shows the rotation periods of low mass stars in the
Pleiades as a function of luminosity. Circles indicate staith measured
faster rotators with? < 2 days and the majority witi® < 1 day. spectra; those circles that are filled are the subset of sitlisa measured
It is the radius of these faster rotating stars that is reyboinere. rsin i value with uncertainty< 30 per cent. Crosses show all other stars
The results of the maximum likelihood analysis are presente with measured periods reported by Rebull et al. (2016a)e€eval. (2016)
in Figs. 8 and 12 and summarised in Table 5. Figure 12 shows theand Hartman et al. (2010) which wemetincluded in our observations. The
main result of this paper: the targets considered here haeser-  Solid red line marks the locus of stars withsini), = 10kms™!; stars
age over-radius = 1.138-+0.013 relative to the radius-luminosity pelpw this line are included in thesin ¢ analysis. Dashed.vert_lcal _Ilnes
relation predicted by the solar-metallicity evolutionanpdels of 'n.d'cate bo“nqa”.es .between the UPPET, (.:emral an.d lowainbsity bins
BHAC15 at an age of 120 Myr. Also shown in Fig. 12 are over- with numbers indicating the numbe_roﬁm_zvalues b|‘n. Plot B shows the
- . . . My, versus(V — K)o colour magnitude diagram using the same symbols
radii for the upper, central and lower mass/luminosity biakere and colour coding.
the maximum likelihood analysis has been conducted seggarat
for each bin. The over-radius in each bin is significantlgéarthan
unity, and consistent with the mean over-radius. There istrang 1.11 < p < 1.14 (the change ip is asymmetric because the stars
evidence for any variation in the level of over-radius asrtss are already close to the ZAMS at 120 Myr). Altering the dis&n
luminosity and mass range. between 132.6 pc and 140.0 pc (corresponding to thén3its re-
The results in Table 5 assume an age for the Pleiades of ported by Melis et al. 2014) changes the derived luminasiied
120 Myr, a distance of 136.2 pc and neglect the small effetts o hence the predicted radii and gived2 < p < 1.16. The com-

surface differential rotation and binarity discussed iotise 4.2.
Table 6 shows the effects of changing the assumed age andakst
or including the effects of SDR and binarity on the calcudadger-

bined effects of SDR and binarity are small, act in oppositecd
tions and depend to some extent on the assumed binary pespert
of the sample and latitude distribution of spots. The netafbf in-

radius. Varying the assumed age between 80 and 160 Myr givescluding these would be only a 1 per cent increase iout given the
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Table 5. The maximum likelihood value of radius ratip, for faster rotating low mass stars in the Pleiades relatibe radii predicted for a 120 Myr solar
metallicity cluster using the BHAC15 evolutionary modd.. is the number of targets included in the calculation of tkelilood function andV,y; is
the number of those targets with measured valuessif :.

Subset with bins Bin Ntarg  Nysini log L rsni InZ p

All targets in bin All 194 172 -1.823 0.883 -75.3 1.1380.013
Lower 69 63 -2.239 0.907 -24.1  1.1350.028
Central 63 53 -1.874 0.863 -32.4  1.1460.033
Upper 62 56 -1.308 0.876 -19.0 1.1510.021
Slower rotators All 106 88 -1.788 0.972 -25.7 1.160.024
Lower 34 30 -2.197 1.000 -5.0 1.1660.043
Central 36 28 -1.874 0.991 -10.3 1.1920.035
Upper 36 30 -1.315 0.925 -9.5 1.1270.041
Fast rotators All 88 84 -1.866 0.790 -49.2 1.12D.020
Lower 35 33 -2.281 0.820 -17.4  1.0870.029
Central 27 25 -1.875 0.720 -19.4  1.0810.039
Upper 26 26 -1.297 0.821 9.1 1.1660.034
Lower amplitude  All 98 86 -1.886 0.803 -56.0 1.0%60.022
light curves Lower 37 33 -2.241 0.833 -16.5 1.063.031
Central 33 28 -1.886 0.751 -25.1 1.0%70.046
Upper 28 25 -1.415 0.825 -13.5  1.0800.050
Higher amplitude  All 91 83 -1.795 0.965 -9.2 1.1650.017
light curves Lower 32 30 -2.237 0.987 -4.9 1.167.038
Central 29 24 -1.866 0.994 -4.0 1.1810.037
Upper 30 29 -1.255 0.920 -0.1 1.1650.025

Table 6. Sensitivity of the inferred values of the over-radjugoverall and in the three luminosity bins introduced in &et5.1), to the assumed age and
distance of the cluster and to parameters set in the datatredpipeline.Ntarg and N,gin; are as defined in Table 5.

Ntargl p for bin: Ap*
N, sin i Upper Central Lower All
Case 0- Reference: age 120 Myr, distance 136.2pc  194/1725 #0102 1.15+0.03 1.12+0.03 1.138+0.013 —
Case 1- Model age reduced to 80Myr 197/173  H16.02 1.11+0.03 1.08+ 0.03 1.109+ 0.018 -0.029
Case2- Model age increased to 160Myr 194/172  #1B02 1.16£0.03 1.13+0.03 1.1414+0.016 +0.003
Case 3- Increased distance distance 140.0 pc 196/173 410162 1.114+0.03 1.08+0.03 1.120+ 0.015 -0.018
Case4- Reduced distance distance 132.4 pc 192/172 #HAQMG2 1.17+0.03 1.13+0.03 1.156+0.015 +0.018
Case5- Compensation for binarity and SDR 194/172  #1B0O3 1.17+0.03 1.14+-0.03 1.152+ 0.016 +0.014
Case 6- Minimum(vsini), = 15kms! 167/153 1.15+0.02 1.15-0.03 1.11+0.03 1.134+0.014 -0.004
Case 7- Excluding targets with multiple periods 158/138 7H#10.03 1.17+0.03 1.12+0.03 1.150+ 0.014 +0.012
Case 8- Increase value of FWH¥ 194/166  1.14+0.02 1.12+0.03 1.10+0.03 1.124+ 0.015 -0.014
(i) slower rotators 106/83 1.1 0.04 1.17+£0.04 1.14+0.05 1.137+0.024 -0.027
(i) Faster rotators 88/83 1.160.04 1.08+0.04 1.08+0.03 1.117+0.021 -0.004
Case 9- Upper 90% of light curve amplitudes 173/158 H1®02 1.16:-0.03 1.13+-0.03 1.148+0.016 +0.010

* Change inp calculated for data over the full luminosity range relatioehe reference case.
** The value of FWHM assumed for slow-rotating stars in thé&cakation ofwv sins is increased by 0.5 knTs" (~3 times uncertainty in FWHM)

uncertainties we do not include this in our final estimatél&® 5.2 Comparison of fast and slow rotators and with

also shows the effects of excluding stars with multiple gdsiand interferometric radii

of changing the minimungv sin ¢),, threshold for stars included in . o . o

the analysis (see section 4). These also lead to enlyper cent In Fig. 13 the over-radius is shown in the three luminosiggm
changes in the main results. bins, but now also dividing the stars into faster- and slertating

subsamples (note that all these stars should be consideserbf
tators when compared with the parent sample of Pleiades atalr
that we cannot resolve projected radii for slowly rotatitaysin the
Combining expected levels of uncertainties in age and dis- Pleiades). For the upper and central luminosity bins, thefaota-

tance with the precision-based uncertainty shown in Talgeés tors are defined as those having with< 0.55 d. For the lower bin

a final average over-radiys = 1.14 £ 0.02 relative to the solar the split is made aP < 0.4d and this gives roughly equal num-
metallicity BHAC15 model where the uncertainty represehts bers of stars in each subsample. Both the central and lowss ma
68 per cent confidence intervals for an agd 26 + 20 Myr and a bins show a marginal~ 2¢) difference in over-radius between
distance ofl36 + 2 pc. the faster and slower rotators, with thlewerrotators showing the
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Figure 12. The estimated over-radius for the subsample of Pleiades sta
included in the maximum likelihood analysis described iotise 4. The
over-radius is with respect to the radius predicted by thé8&5 models
for 120 Myr solar metallicity stars at a given luminosity.erhorizontal line
shows the mean over-radius, for all the data consideredi, deished lines
indicating the 1-sigma confidence interval. The individpaints with error
bars show the estimated mean over-radius and correspondoggtainties
for stars in three luminosity/mass bins. The mass scalesdbthof the plot
is based on the same BHAC15 model. A green solid line showgsrtrdicted
effect of radius inflation due to magnetic inhibition of cemtion (Feiden et
al. 2015); the blue dashed line shows the predicted effesthnpots with an
effective dark spot coverage g6f = 0.16 (see section 6.1). The red dotted
line shows the combined effect of both magnetic inhibitidrcanvection
and starspots wit = 0.16.

larger over-radius. No significant difference is seen farstn the
upper mass bin.

Figure 13 also shows for individual field stars based on in-
terferometric measurements of stellar radii report by Bapeet al.
(2012) plotted against luminosity values derived fromtB8MASS
K magnitudes an8” — K colours in the same way as the Pleiades
data. For these stars, the measured radii are compared tym 5G
solar metallicity BHAC15 isochrone, although neither thye ar
metallicity are well constrained for most of these targétere are
19 stars with reported radii in the upper bin, with a weighteshn
p = 1.026 + 0.007. The two lower bins contain only 4 stars with
significantly scattered normalised radii, so no useful carigon
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Figure 13. The influence of rotation rate on the over-radius of Pleiades
stars relative to the predictions of a BHAC15 120 Myr isocteroPleiades
targets in each luminosity bin are split by period into fasted slower ro-
tating subsamples (see section 4.5). Also shown are odérfoalow-mass
field stars, derived from interferometric radius measur@mé Boyajian

et al. (2012), and with respect to a 5 Gyr solar-metalliciéigchrone from
BHAC15. The green point shows a previously reported measeme of p

for Pleiades stars di.6 < M/Mg < 0.8 and periods in the transition
between the C and | gyrochronological sequences defined ineB§2007)

(P > 2d, see Table 2 of Lanzafame et al. 2017).

5.3 Biases and selection effects due to spot coverage and the
sin 4 distribution.

The analysis described above explicitly assumes that theasps

of targets are randomly distributed in space giving a priitab
density¢(i) = sin¢. There are a number of reasons why this may
not be true: it is easier to resolvssin 4 in targets with higher val-
ues ofsin ¢; measurements of period may be biased towards targets
with largersin ¢ since these would exhibit larger light curve ampli-
tudes due to starspot modulation; or the spin axes may bialpart
aligned, yielding a bias that could result in either a higbrelower
meansin ¢ and perhaps a narrowing of thia ¢ distribution.

The possibility of bias in the measured over-radius due o th
inability to measurev sin4 at low inclinations is already circum-
vented in the present analysis by explicitly including &sgwith
upper limits inv sin 4 as left-censored data. The remaining sources
of bias are considered separately below.

5.3.1 Selection of stars with higher amplitude light curves

The possibility of bias due to selection effects in the pericea-
surements depends on the completeness of the period data; i.

can be made with the models. There is thus evidence for a smallwhether periods are available for a representative sanigtars,

over-radiuswith respect to the solar metallicity modéts the field
M-dwarfs, but it is much smaller than the over-radius foumdhie
Pleiades.

including those with low inclinations. Figure 14 illusteatthe po-
tential effect of incomplete sampling of period data on theam
sured over-radius — selecting stars with higher spot-naiddl
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Figure 14. The influence of light curve amplitude on the estimated over-
radius. Pleiades targets in each luminosity bin are spbtsabsamples with
higher and lower spot-induced light curve amplitudes (sstien 5.3.1).
Green triangles show the over-radius of targets in NGC 251ifhated us-
ing previously reported measurementsrdandw sin i (See section 6.2 and
Jackson et al. 2010a).

light curve amplitude is expected to preferentially seftats with
highersin i. Selecting for analysis only the 50 per cent of Pleiades
targets with the highest light curve amplitude (taken froeb@&lI

et al. 2016a) increases the estimated valug bf ~ 3 per cent
compared to an analysis of the entire sample. This is agtlesds
than would be expected if light curve amplitude dependedigol
onsin ¢, sincesin 4 increases from 0.785 for a randomly distributed
sample to 0.96 for a group of objects wiin i restricted to be
above the median of a random distribution.

We do not believe our over-radius results for the Pleiadas ca
be biased by anything like this amount. Most of the targe89 (1
out of 192) have periods measured from K2 light curves. Redtul
al. (2016a) measured periods for 92 per cent of the Pleiadgsts
observed. For half of the remaining stars periods were nasored
because of non-astrophysical or instrumental effectsijfggust 4
per cent without measured periods that could be Pleiadederam
with low inclination angles or targets with very long persoat very
few (or very symmetrical) star spots.

The effect of missing a small proportion of targets with the
lowest amplitude light curves can be assessed by evaluatising
only those targets from our list with the top 90 per cent ohtig
curve amplitudes. This produces a small (1 per cent) iner@as
p (see Table 6), indicating that our sample of measured p&riod
which is complete to~96 per cent provides an almost unbiased
estimate of.
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Figure 15. The effect of partial alignment of stellar spin axes. Thearmpp
plot shows the variation dih .# with cone angle\, for 3 different values
of cone inclinationa, relative to the line of sight. The lower plot shows the
variation ofp over the same parameter range

5.3.2 Alignment of stellar spin axes

Jackson and Jeffries (2010a) investigated the effects dfapa
alignment of spin vectors by modelling cases where spin ares
uniformly distributed inside a cone and zero elsewhere. ddre
semi-opening angle\, determines the degree of alignment, and the
mean inclination of the stars within the conenigsee Fig. 15). In
this case the probability functiap(sin i|p) in egn. 5 is replaced by
a more complex functionrj(sin |p, a, A) calculated using a Monte
Carlo method (see eqns. 2 to 6 in Jackson & Jeffries 2010a).

Figure 15 shows the effect of partial alignment of stellansp
axes on the maximum log-likelihood (see Eqn. 7) and the ddriv
value ofp for 15° < A < 90° (the upper limit corresponds to ran-
dom alignment of the spin axes). In this analysis the effet&R
and binarityare included because whilst they have little effect on
the mean inferred sin ¢, theydo have a small, but non-negligible
effect on the detailed shape 6fResults are shown for three values
of a:

e Fora = 25° the spin axes are aligned close to the line of
sight, such that the average valuesof is lower than the case of a
uniform distribution. Consequently a higher valuepak required
to match the observed setofin ¢ values.

e Fora = 45° the spin axes are aligned as shown in the sketch
in the upper panel of Fig. 15. K < 45° thensin3 is lower than
the uniform case and hengeis higher. At larger\ values both
the maximum likelihood ang are similar to the case of a uniform
distribution.

e Fora = 75° and small\ the spin axes are aligned almost
perpendicularly the line of sight. This both increasesi and sup-

Downl oaded from https://academ c. oup. coni mr as/ advance-articl e-abstract/doi/10. 1093/ mr as/ st y374/ 4875939
by University of Keele user
on 02 March 2018



presses the expected number of targets withileim ¢ (relative to
the mean) and therefore provides a poor match to the meadisred
tribution of r sin 4. This allows us to say that if is as large as this,
then\ > 80° degrees.

6 DISCUSSION
6.1 The over-radius in low-mass Pleiades stars

Observations of low-mass, short-period eclipsing birsarieveal
that their components may be inflated ¥§L0 per cent at a given
mass compared with the usual evolutionary models. We hawaifo

a similar phenomenon here. The average over-radius in oyplea

of fast-rotating, low-mass Pleiades star$4s-2 per centat a given
luminosity which according to the polytropic models discussed by
Jackson & Jeffries (2014a), is equivalent te-8 per cent over-
radiusat a given mass

~

boundary atlog L/ L —2.9 and radius inflation has not yet
been established at these low-masses. However, if starshea
LDB were inflated by 14 per cent then the calculations presknt
by Jackson & Jeffries (2014b; calculated for inflation duspiots,

but valid for inflation by any other cause) suggest the LDB age
should be increased by 11 per cent, from 125 Myr to 139 Myr.

Somers & Pinsonneault (2015a) and Somers & Stassun (2017)
have suggested that inflation varies between roughly zerthéo
slowest rotators and 15 per cent for the fastest rotatocscanld
explain the observed rotation-dependent Li depletionepatin
Pleiades K-dwarfs. These stars are at the upper end of the mas
range consider here, but the overall level of radius inflatie mea-
sure in the fastest rotating cluster members, is in agreemitm
this hypotheses.

The effects of radius inflation are likely to be even more sig-
nificant if present at at younger ages. Jeffries et al. (28hdyved,
using the example of the Gamma Velorum cluster, that agesed
from the Hertzsprung-Russell diagram could be doubled byet0

There is no evidence for any mass or luminosity dependence cent inflation at a given luminosity (slightly less than fduinere)

of this over-radius across the range covered by our sampfeart
ticular, we have no evidence that the inflation changes naérke
as we move from stars with higher luminosities that haveataai
cores, to lower luminosity stars that should be fully conivec For
non-inflated stars aged 120 Myr the BHAC15 model shows a+adia
tive core developing at the transition between the centréllewer
binsin Fig. 12 4 > 0.3Mp,log L/Ls > —2.0).

It should be stressed that the inferred over-radius is véth r
spect to the evolutionary models of BHAC15 (although the com
parison with the models of Dotter et al. 2008 is almost idet}i
The evolutionary models might fail to correctly predict thnea-
sured radii for a number of reasons, although uncertaiitid¢ise
assumed age and distance are already incorporated intortite e
bars on the results. Before concluding that the over-radiukie
to magnetic activity, as opposed to some other deficienchén t

and that inferred masses would also be significantly unterated
by non-magnetic models, particularly at the lowest stetlasses.

6.1.1 The possible causes of radius inflation

That an over-radius has been observed in the Pleiades wHelst
models work reasonably well for older fields stars is circtamsal
evidence that magnetic activity and rotation are the faatespon-
sible for the over-radius; although some other age-dependasei-
ation in the physical model could conceivably lead to thecolesd
results.

There are two main "flavours” of magnetic model that might
provide an explanation for the observed over-radii - the matig
inhibition of convection at and just below the surface irdeswith
significant super-adiabaticity (Feiden & Chaboyer 2012,40o0r

models, we should compare the same models to the measuiied radthe blocking of radiative flux from the surface of the star loplc

of older, less magnetically active, but otherwise similars The
Boyajian et al. (2012) sample of stars with interferometriea-
surements of angular radii offers this test for the highessrstars
(>0.4M) in our sample (see Fig. 13). Stars in this upper mass
bin have a weighted mean over-radius2af + 0.7 per cent rela-
tive to a 5 Gyr solar metallicity isochrone. Hence the owatius

of the higher mass Pleiades stars relative to the measudédfa
inactive field stars of similar luminosity is 10 per cent, although

a detailed comparison is hampered by uncertainties in theand
metallicities of the field stars.

Radius inflation at a given luminosity leads to lower effec-
tive temperatures and lower core temperatures in com@aetMS
stars. Work by Jackson & Jeffries (2014a,b); Somers & Pinson
neault (2015a,b) and Feiden (2016) has considered hownthis i

magnetic starspots (Jackson & Jeffries 2014a; Somers &oRins
neault 2015b). These models predict a different behaviavef-
radius as a function of luminosity.

Magnetic inhibition becomes less effective as the conoacti
zone deepens and the stars become fully convective (Fetdsdn e
2014). The solid line in Fig. 12 shows the over-radius usimg t
Dartmouth code modified for the effects of magnetic field {Fei
den, Jones & Chaboyer 2015) relative to the "standard” Dautim
model (Dotter et al. 2008), assuming a surface field strenfith
2.5kG as described by Malo et al. (2014). Our results sugdkat
the magnetic inhibition models, based on an approximateegu
tition magnetic field strength at the stellar surface do nftate the
low luminosity stars in our sample sufficiently (by a factétwo).

Conversely, the effect of a given coverage of starspots be-

ences the determination of ages and masses of PMS stars in theomes larger in fully convective stars (Spruit & Weiss 19&&ng

Hertzsprung-Russell diagram and the onset and rate afifiitue-
pletion in their photospheres as it is burned in the core.arheunt
of radius inflation we have determined is consistent withtwis

et al. (2016) used the TiO band strengths measured in LAMOST
spectra to estimate the spot coverage and temperatures nfdss
stars in the Pleiades. Their results can be used to estimégéfac-

assumed or modelled in these works and so the consequerites wi tive spot coverage’3, defined as the fraction of stellar flux blocked

also be similar.

In a cluster like the Pleiades, ages come from either the-main
sequence turn-off or the “lithium depletion boundary” (LPpBthe
luminosity below which Li is preserved in the interior of dlju
convective low-mass PMS star (e.g. Stauffer et al. 1998ridef
& Oliveira 2005). The former is unaffected by radius inflatim
low-mass stars, but the latter may be. We caution the readér t
the LDB in the Pleiades occurs in objects close to the substel

by starspots compared to the flux of an immaculate photospher
(equivalent tof ;" in Fig. 11 of Fang et al.). Comparing target lists
we find 22 stars analysed by Fang. et al. with a meastiséds

in our analysis. The average value ®fs 0.16, with a dispersion
of 0.09. This can be used to model the effects of spot covesage
the averagestellar radii (Spruit 1982). The dashed line in Fig. 12
shows the predicted radius ratio f6r = 0.16 as a function of
log L, estimated from a linear interpolation of the calculatiofis
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Somers & Pinsonneault (2015a), that use a version of the YREC previous work (e.g. Kawaler et al. 1988) and more strongiytit

evolutionary code (van Saders & Pinsonneault 2012) modified
include starspots. If radius inflation were causetelyby starspots
then this would requirgd ~ 0.3 for the higher mass stars in our
sample, decreasing b= 0.2 at lower masses where the effects of
a given spot coverage are stronger.

These spot coverages are only a little larger than suggbgted
Fang et al. (2016) but it is possible thahas been underestimated
by their simple two-component modelling of the optical gpec
Alternatively, one could have both mechanisms in operatiath
the more modesaveragespot coverage measured by Fang et al.
(2016) @ = 0.16) plus magnetic inhibition of convection by an
equipartition surface magnetic field-(2.5kG), and the sum of
these two would match the measured over-radii reasonably we
(dotted line in Fig. 12).

6.1.2 Influence of rotation rate

Given that we are hypothesising that strong, dynamo-ingdiuoag-
netic fields are the root cause of the over-radius, it is @sing to
investigate whether there is any dependence on rotatienlran-
zafame et al. (2017) found a complex behavior in Pleiadetakss
and suggested, albeit with low number statistics, thas stéth in-
termediate rotation rates (those between the C- and |-seqaele-
scribed by Barnes) had larger over-radii than stars wittfakgest
rotation rates. By splitting our sample into fast and slayv(etat-
ing halves we have found marginal evidence (see Fig. 13)pduat
tially supports Lanzafame et al.'s result — though we noteh@t
our sample does not contain many stars rotating as slowlycset
included in Lanzafame et al.’s sample and (ii) that therenisug-
gestion of separate C- and I-sequences in the rotationcpdeta
of lower mass starsM/ < 0.6M) in the Pleiades (see Fig. 11).
The slow(er) sample has a mean over-radius about 2-sigrherhig
than the fastest rotators, though note that all of thess staate
fast enough to be considered magnetically saturated.

It is possible that this difference is linked to the struetof
the star and possibly the presence of a radiative core. Wiesid:
ered in three luminosity bins (Fig. 13), our results suggfeest any
difference in over-radius is confined only to the lowest Inosity
stars and in fact there is no significant difference for ttghHu-
minosity end of our sample where there is overlap with thepdam
considered by Lanzafame et al. (2016).

We would caution against ascribing too much significance to
this result at this stage, since the samples may be affegtaddl-
ysis biases that could separate the over-radii of fast- kove{&r)-
rotators. For example we are not able to measuia i on slowly
rotating targets. Whilst we have taken steps to addres®idssin
our analysis it is possible that some uncertainties renTdiere is
also the possibility of uncertainty in the zero-point of thein :
calibration. As pointed out by Hartman et al. (2010), if tlerce
point is too low then this could result in a significant ovetiemate
of vsin (and hencer sin 7) for stars with the smallest resolvable
v sin i, but much less effect for the fastest rotators. To test tins,
artificially raised the zeropoint by 0.5 ks, which is far beyond
any likely statistical error in our zero-point (see Table Hjis re-
duces the overall level of inflation by 1 per cent for the ensiam-
ple whilst decreasing the "gap” between faster and slowetoos
by 2 per cent.

A more intriguing possibility is that this difference is tea
Reiners & Mohanty (2012) have claimed that the angular memen
tum loss rate due to a magnetically coupled wind is much more
strongly dependent on the stellar radiss 816/?) than assumed in

depends on rotation ratec(2 in the magnetically saturated regime,
which all our stars are). From this perspective, two simsirs
with radii that differ by 10-20 per cent would have quite €iff
ent angular momentum loss rates. Even if greater radiugiorila
were initially caused by more rapid rotation and greater metig
activity, the consequent spin-down timescale could be nshohter
than the thermal timescale on which an inflated star coulct tea
a slower rotation rate and so we might expect to see that #he st
that have begun to spin down are indeed those with largeir Fadi
more detailed analysis of this possibility is beyond thepgcof this
paper and perhaps not yet warranted by the quality of the data

6.2 The discrepancy with NGC 2516

In Jackson et al. (2009) we undertook a similar analysis etsp
tra for low-mass stars with known rotation period in NGC 2516
a cluster with a similar age and metallicity to the Pleiadd® re-
sults differed in that the deduced over-radius at the lowestses
considered in that paper(0.25M,) reached~ 40 per cent. Stars
with higher masses were in reasonable agreement with what we
find for similar stars in the Pleiades.

Here, we have adopted a maximum likelihood technique in-
cluding stars with upper limits imsin 7 as left censored data. In
the NGC 2516 work, we gave equal weight to each meastsiad;
value and allowed for left-censored data by adopting a lawwer
off in sin ¢, below whichr sin ¢ could not be measured. Re-running
the NGC 2516 dataset through the current analysis pipetind (
also using the BCAH15 models as our baseline), we instead find
p = 1.31 4+ 0.06 for data in the two lower luminosity bins (see
Fig. 14). This value op is still significantly higher than the aver-
age over-radius measured from Pleiades data.

A substantial and pertinent difference between the Plsiade
and NGC 2516 datasets is the fraction of observed targets wit
measured rotation periods. Jackson and Jeffries (2012rtesh
that less than half of the NGC 2516 members monitored (fran th
ground) by Irwin et al. (2007) had subsequently derivedtimta
periods. This fraction was about 50 per cent in the highersmas
bins, dropping to 30 per cent for the lowest luminosity bie- S
lecting a similar subset of Pleiades targets, (those wightop 40
per cent of light curve amplitudes in Rebull et al. 2016a)dse
p = 1.18 + 0.04 for stars withM /My < 0.40. Whilst this is 4
per cent higher than obtained using the full range of angbditit is
still 1347 per cent lower than found for similar NGC 2516 targets.
We have been unable to identify any other significant systiema
differences between the two data sets that might accourthier
remaining discrepancy, if indeed it is real.

This comparison has highlighted the importance of having as
near complete a set of period data as possible when estgnatin
Whilst the maximum likelihood method used here includegets
with low vsini as left censored data it neglects targets without
measured periods and this can lead to a bias isithedistribution.
Details of cluster membemithoutmeasured periods are often not
reported in catalogues of rotation periods and this fractian be
high, especially for ground-based surveys with limitedstévity
to low-amplitude modulation.

6.3 Thesin distribution

Corsaro et al. (2017) used asteroseismology-based estirofin-
clination angles to claim that the distribution of spinsaxectors
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is not random among stars witlf > Mg in two old open clus-
ters in the main Kepler field. They attribute the strong atigmt
effect they find to the formation of these clusters from aagsing
cloud with a high ratio of rotational to turbulent kineticexgy and
the inheritance of some of this angular momentum by the fiogmi
stars, especially those with higher masses. From theirlations,
Corsaro et al. suggest that this effect may be much weakéwrein t
lower mass stars{ 0.7M) that constitute most of our Pleiades
sample. If we assume that the dispersion-kin ¢ that we see is
mostly caused by a variation #in : and not by a star-to-star vari-
ation in over-radius, then our observations put constsaint how
narrow the distribution ofin 7 could be.

Figure 15 showed the effects of alignment of spin axes on
In .f?andp when spin axes are uniformly distributed over a cone
with half opening angle\ and average inclination relative to the
line of sight (see section 5.3.2). There is no strong evidefpref-
erential alignment. A model with = 90°, equivalent to a random
distribution, hadn Z that is not significantly lower than the best
fitting model withA < 90° according to the Bayesian information
criterion (BIC; ABIC ~ 4). The minimum cone angle that pro-
vides a similar value ofa . to a random distribution of spin axes
is\ > 30° if a < 45° i.e. a strongly aligned spin axis distribution
with A < 30° does not match the measured distribution- efn ¢
for any mean inclination. I& > 45°, which is> 70 per cent likely
for a randomly distributedy, then the lower limit toA becomes
much larger.

Although the measured distribution ofsini could be
matched by a partial alignment of spin axes wkh> 30°, the
most likely value ofp in those cases is always similar to, or larger
than, the value obtained by assuming a random distribufispia
axes (see Fig. 15). Thus the mean over-radius of 14 per cewnsh
in Fig. 12 and Table 5 is thminimumthat provides an acceptable
fit to the measured data.

7 SUMMARY

Precise measurements of rotation periods from the Keplesut2

idence for a change for PMS stars that are fully convectivee T
same models do predict radii that reasonably match thefémter
metrically measured radii of older, magnetically inactiedd stars
with masses and luminosities in the upper half of this rangdpch

is circumstantial evidence that magnetic activity or ramithtion
are the factors responsible. A comparison with existinggneic
models” suggests that neither magnetic inhibition of cotiea or
flux blocking by starspots can solely explain the over-raditithe
expected levels of surface magnetic field or spot coverage; h
ever a simple combination of the two effects does match th& da
quite well. One remaining puzzle is that although all thesstee
consider are very fast-rotating and likely to have saturdgeels
of magnetic activity, there is evidence that it is the sldwetating
half of this sample that have the largest over-radii.

That low-mass, active stars have larger radii at a given lu-
minosity than predicted by the most commonly used evolatipn
models has several important implications. Effective terafures
would be lower; ages derived using the Hertzsprung-Rustz!|
gram and non-magnetic, standard PMS isochrones would be un-
derestimated, as would stellar masses; core temperatorgd tye
lower than expected, leading to delays in the onset of lithde-
pletion and an extension of the PMS lifetime. The calibmatid
these effects and the identification of the causes of radilegion
requires careful observation and radius measurementsaicrat a
range of masses in clusters covering the full range of PM&ievo
tion.
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