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ABSTRACT

In a coeval group of low-mass stars, the luminosity of thesir@nsition between stars that
retain their initial lithium and those at slightly higher ss@s in which Li has been depleted
by nuclear reactions, the lithium depletion boundary (LDis been advanced as an almost
model-independent means of establishing an age scale torgystars. Here we construct
polytropic models of contracting pre-main sequence staMS) that have cool, magnetic
starspots blocking a fractiofi of their photospheric flux. Starspots slow the descent along
Hayashi tracks, leading to lower core temperatures andliedsstruction at a given mass
and age. The ageyps, determined from the luminosity of the LDH, pg, is increased

by a factor(1 — 3)~F compared to that inferred from unspotted models, where: 1 +
dlogm,pp/dlog Lipp and has a value- 0.5 at ages< 80 Myr, decreasing to~ 0.3 for
older stars. Spotted stars have virtually the same rekttipnbetween/-band bolometric
correction and colour as unspotted stars, so this reldtiprapplies equally to ages inferred
from the absolutd magnitude of the LDB. Low-mass PMS stars do have starspotshb
appropriate value off is highly uncertain with a probable range @fi < g < 0.4. For

the smallers values our result suggests a modest systematic increaseBnalges that is
comparable with the maximum levels of theoretical uncetyapreviously claimed for the
technique. The largegt values would however increase LDB ages by 20-30 per cent and
demand a re-evaluation of other age estimation technicplésated using LDB ages.

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

1 INTRODUCTION Of greater importance is that relatively few assumptionsdniee

made in order to calculatér,pg as a function of age; analytical
During their approach to the main sequence, the cores of con- calculations and evolutionary models incorporating diffg treat-
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tracting low-mass € 0.5 M) pre-main sequence (PMS) stars
reach temperatures sufficient to ignite lithium. Rapid mixin
these fully-convective stars then leads to complete Lirdesbn
throughout the star on a time scale that is short comparéuithgir
contraction time scales (e.g. Basri, Marcy & Graham 199&idRe
et al. 1996; Bildsten et al. 1997). The time it takes to redut t
Li-burning threshold increases with decreasing stellassnti a set
of coeval low-mass stars in a young cluster are spectrosaibypi
examined for the presence of photospheric Li, there is anpabr
transition from stars that have depleted all their initiakd stars
of only slightly lower luminosity (and mass) that retainithiaitial
Li. The luminosity, L1,ps, at this “Lithium Depletion Boundary”
(LDB) can therefore be used to estimate the age of the clustes
(Stauffer, Schultz & Kirkpatrick 1998; Stauffer et al. 199@ffries
& Oliveira 2005).

-1/2

TLDB IS approximately proportional td; ;" (see section
2.3), so with typical uncertainties in distances and bokoimeor-
rections, LDB age estimates can have precisions of 5-10quer ¢
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ments of opacities, equations of state and convection pmdge
estimates that differ by less than 15 per cent (Ushomirskgl.et
1998; Jeffries & Naylor 2001). Burke, Pinsonneault & Sik§04)
conducted a series of calculations, altering the physigalits of
their evolutionary models within plausible bounds, finditigeo-
retical uncertainties” in LDB ages that were just 3-8 pert ckn
pending on the stellar mass at the LDB.

The theoretical robustness of LDB age estimates compares

favourably with competing methods of cluster age detertiona
(e.g. Soderblom 2010; Soderblom et al. 2013). Ages deteanin
from isochrone-fitting to high-mass stars, as they leaveZthi1S
and turn off the main-sequence, depend sensitively on fieetsf
of rotation and the assumed levels of convective overshotte
core (e.g. Maeder & Meynet 1989; Meynet & Maeder 2000; Ek-
strom et al. 2012). Isochrone fitting to low-mass PMS stasib-
ject to significant uncertainties in the efficiency of corti@e and
the adopted outer atmospheres (e.g. D’Antona & Mazzit&@4t
Baraffe et al. 1998), and there are further uncertaintisdiuced
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in transforming observables such as spectral type intactbfte
temperatures. Resultant age uncertainties can be factdrgop

time at which Li is depleted by a given fraction in fully cotize
low-mass stars. Provided that the critical temperaturehattwLi

even given a large set of coeval stars at a range of masses (e.gburning commences and the properties of the atmospherit-opa

Hillenbrand, Bauermeister & White 2008; Hillenbrand 2Q0Rr
these reasons, a review of techniques for estimating yotaligus

ties do not change rapidly with mass, this leads to a relgtsien-
ple expression for the increase in age implied for spottads sit

ages by Soderblom et al. (2013) concluded that the LDB method a givenLi,ps. In section 3 we then consider the properties of the

provides the most reliable means of setting the absoluteseaje
of PMS stars.

starspots and how these alter bolometric corrections amdetla-
tionship between absolute magnitude of the LDB and age.dn se

LDB age determinations now exist for 9 clusters and associa- tion 4 we discuss the implications of the results and in paléi,

tions (see Soderblom et al. 2013 and references theremgingin
age from 20-130 Myr. At ages 20 Myr, the extent of the supera-
diabatic envelope leads to rapidly growing model deperidsran
the adopted opacities and convection treatment (Burke 20@#).

At ages> 150 Myr, the sensitivity of the technique declines, but a
greater limitation is thal.;,pg becomes so small that spectroscopy
in even nearby clusters becomes impractical.

Despite the optimism that LDB ages are robust to theoreti-
cal uncertainties, the assumptions made and the effectsated
by all evolutionary models could still lead to systematic errors.
An important example is the neglect of the effects of rotatod
magnetic activity — both of which are manifestly presentaw-
mass PMS stars. Whilst the effects of rotation on the hydltimst
structure of low-mass PMS stars and their Li depletion &edytito
be small (e.g. Mendes, D’Antona & Mazzitelli 1999; Burke &t a
2004), the effects of the consequent dynamo-generated atiagn
fields may be more significant (e.g. Ventura et al. 1998; Dok,
Ventura & Mazzitelli 2000). There is growing observatiomsi-
dence from fast-rotating, magnetically active stars ialtidlocked
eclipsing binaries, young clusters and the field, that meégaetiv-
ity may increase the radii of low-mass stars (Lopez-Moralesy7;
Morales, Ribas & Jordi 2008; Jackson, Jeffries & Maxted 2009
Stassun et al. 2012). The mechanism by which it does soligstil
clear; but could include the magnetic stabilisation of tiae against
convection (Gough & Tayler 1966; Moss 1968; Mullan & Macdon-
ald 2001; Feiden & Chaboyer 2013), a reduction in convedive
ficiency due to a turbulent dynamo (Feiden & Chaboyer 2014) or
the blocking of emergent flux by dark, magnetic starspotsuip
1982; Spruit & Weiss 1986; Jackson & Jeffries 2014). If PMS-st
lar radii are increased by magnetic activity, they couldehimwer
central temperatures and hence less Li depletion at a gigen a
Using an arbitrary lowering of the mixing length parametesim-
ulate a reduction in convective efficiency, Somers & Pinsauit

the consequences of older LDB ages for evolutionary modwels a
the calibration of isochronal ages in the HR diagram.

2 EFFECT OF STARSPOTSON THE AGE OF LITHIUM
DEPLETION

The presence of dark starspots on the photosphere will dlew t
contraction of PMS stars, leading to larger radii at a givenihos-
ity (Jackson & Jeffries 2014). This will delay the onset dffiiliim
depletion and hence in a cluster of coeval stars, alter tlhatiage-
ship betweerl1,ps andr,ps. We evaluate this as follows:

A set of model evolutionary tracks are analysed to determine
both the agetr; and radius,Ry; as a function of massy/, and
luminosity, L, at which low mass stars achieve a given level of
lithium depletion (typically, 95 or 99 percent thresholds ased
by observers, e.g. Jeffries & Oliveira 2005).

A polytropic model is introduced to represent fully conveet
low-mass stars as they descend Hayashi tracks towards tBe LD
Constants defining the surface opacity of the polytropic ehade
chosen to fit the results of published (unspotted) evolatiptracks
as a function of\/ in the Hertzsprung-Russell (HR) diagram.

The polytropic model is used to determine the effect of
starspots orR and L as a function ofM, age and starspot cov-
erage. Under the assumption that similar constants clegisethe
polytropic models for spotted and unspotted stars at the ,L4D#
that Li depletion occurs at the same valueldfM in spotted and
unspotted stars, we derive a simple analytic expressiothérel-
ative change in the LDB age of spotted stars as a functionaf sp
coverage.

2.1 Massesand radii of starsat theLDB

(2014) show that spreads in Li abundance seen in the G/K starsFig. 1 shows evolutionary tracks and associated isochrionésw

of young clusters can be explained by varying levels of mtagne
activity connected with a spread in rotation rates. Theg alaim
that a similar increase in radius associated with magnetidsfiin
lower mass stars would delay the onset of Li burning and that ¢
rent LDB ages may be underestimates.

In Jackson & Jeffries (2014) we investigated how the presenc
of dark, magnetically induced starspots influences thexieol and
radii of low-mass PMS stars. Using a polytropic model, wenstah
that the radii of spotted, fully convective PMS stars aregased by
afactor~ (1 — 8)%*® compared with unspotted stars of the same
luminosity, where3 is the fraction of photospheric flux blocked by
spots. In this contribution we use a similar approach to@eghow
starspots will affect ages determined from the LDB. We firat th
for plausible levels of spot coverage on active, low-masSRIArs,
that current LDB ages asystematicallynderestimated by a factor
comparable to, or larger than, the maximum levels of themlet
uncertainty previously claimed for the technique.

mass stars0(07 < M/Ms < 0.5). These are outputs plotted
from the BCAH98 theoretical isochrones (Baraffe et al. 1988
metallicity [M/H]=0.0, helium mass fraction Y=0.275 and are
vective mixing length of one pressure scale height = H)).
The tabulated model data include a lithium depletion fackar;,
as a function of mass and age, representing the fractioreahth
tial photospheric Li remaining. These data are interpdldg fit-
ting X1i = (1 —tanh((t —ts0)/7w:)] to the tabulated isochrones,
where the constang, represents the (mass-dependent) epoch of 50
per cent Li depletion andy; is a time constant for Li destruction
(see Fig. 2a). These results are used to calculate the adpécht 50,
95 and 99 per cent lithium depletion occurs as a function afsna
These points are marked on the individual evolutionaryksdn
Fig. 1 and are plotted as a function of luminosity in Fig.2heT
time scale over which Li is burned is indicated by the gap keetw
the curves in Fig. 2a. It is quite uniform, although beconiigghty
shorter (in terms of a logarithmic age increment) at lowesses

The plan of the paper is as follows: section 2 describes how and luminosities.

we adapt and calibrate a simple polytropic model to prediet t

Extrapolating these results to stars with varying levelspuit
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Figure 1. Model isochrones and evolutionary tracks for young low nsaass from the Baraffe et al. (1998) models of stellar evotu([M/H]=0.0, Y=0.275,
Lmix = Hp). Diamonds of decreasing size along each evolutionark fraticate the surface temperature and luminosity at theo&§6, 95 and 99 percent
lithium depletion. Blue dashed lines show evolutionarghksapredicted by a polytropic model of a fully convective poised star in the Hayashi zone with
parameters fitted to match the published numerical modetsegsapproach the 95 percent Li depletion age (see sect®)n 2.

coverage requires an additional relation representingdtyeen-
dence of the rate of lithium depletion on the temperatiffe,and
density, p., at the stellar core. The reaction rate for lithium de-
pletion is extremely temperature sensitive (2°) with a much
weaker dependence on density. The resultant narrow rarigeof
ing temperatures allow$, and R at the time of Li depletion to
be approximated by power laws, at least for a non-degenstate
(e.g. Bildsten et al. 1997). For fully convective, non degraie,
PMS stars the core properties scale approximatelf.as M/R
andp. o M/R?. Hence the ratio of radius to mass for a given
level of lithium depletion is expected to be nearly invatjaor at
least only a slowly varying function of mass.

Fig. 3 shows the critical radius to mass ratj&®/M].; at
which 50, 95 and 99 per cent of Li is depleted as a function of
surface temperature and mass, determined from the BCAH#8 mo
els. ForM > 0.11 Mo, [R/M]L: only changes as- M %",
which is consistent with the analytic prediction of Bildstet al.

(© 2013 RAS, MNRASD00, [THI0

(1997) that the radius at the LDB for non-degenerate staiss/a
asM™/® 34T 1, wherey is the mean atomic mass and the ef-
fective temperature of Hayashi tracks varies little withssaFor
stars (and brown dwarfs) with/ < 0.11 M, [R/M]v; peaks and
decreases slowly towards lower masses. This is presumablyod
the onset of electron degeneracy and the consequent iedrethe
effective atomic masgy.«, that is defined in terms of the ratio of
gas temperature to pressure (see section 2.2 and Ushoreiraky
1998).

The fact thaf R/M|v; does not vary strongly witii/ or T.q
over the ranges relevant to low-mass PMS stars, in both the no
degenerate and partially degenerate regimes, is whatsallevto
obtain analytic expressions for the effects of starspotdaB ages.
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Figure 2. Variation of the lithium depletion factorX;; with age for low mass stars. Crosses in the left hand plot slabwlated values oKy ; for the

BCAH98 model of stellar evolution ([M/H]=0.0, Y=0.27%,,ix = Hp). Curves show the functioi;

1[1 — tanh((t — t50)/7)] fitted at each mass

(wheretsg is the 50 percent Li depletion ang,; the time constant for decay). The right hand plots show thed5Gand 99 per cent Li depletion age as a

function of luminosity using these fitted parameters.

2.2 Polytropic models as function of mass

Low-mass stars over the mass range shown in Fig. 1 are peddict
to remain fully convective at least until the end of any Li tour
ing (D’Antona & Mazzitelli 1994). Fully and efficiently coective
stars can be represented by a polytropic model with the iEguat
of state of an ideal gas? = N.kypT'/u, whereN, is Avagadro’s
number andc; is Boltzmann’s constant. For this case the adiabatic
pressure relation i® « p°/® and the polytropic index. = 3/2.
This relation is valid even when the core of the star beconags p
tially degenerate at the lower mass and older extents ofahenp
eter ranges considered in this paper. In an isentropictstatdégree

of electron-degeneracy is constant (Stevenson 1991).éHéecef-
fect of degeneracy is simply to increase the effective mealecn
ular massy.s, thus reducing the temperature through the star by a
constant factor:/ uess. The adiabatic exponent remains unchanged
and the star is described byna= 3/2 polytrope, independent of
the degree of degeneracy (Hayashi & Nakano 1963; Ushomatsky
al. 1998).

The first step is to fit a polytropic model to the evolutionary
tracks of theunspottedPMS stars in Fig.1 as they approach the
epoch of Li depletion. A fully convective, contracting ptiypic
PMS star follows a (Hayashi) track in the HR diagram given by

L M

= (GE) ()

i W

whereT is the photospheric temperature andB andC' are con-
stants calculated from the polytropic index,and the indices:
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Figure 3. The critical radius/mass ratipR/M]r; at which 50, 95 and 99
per cent Li depletion occurs (marked with diamonds of desineasize)
shown on evolutionary tracks in the/M versus temperature plane for a
range of labeled stellar masses. Dotted lines show evokryotracks for
(unspotted) BCAH98 models, where the x-axis shows the tesyre of
the unspotted photospher&.(; ; for an unspotted star). Blue lines show
tracks predicted using a polytropic model of an unspottedisthe Hayashi
zone with parameters fitted to match the evolutionary trackbe HR di-

andb used to describe how the Rosseland mean opacity dependsadram (see Fig. 1). Red dashed lines show the displacemehe ¢facks

on the temperature and density at the photosphere (ko p®T°,

see Prialnik 2000; Jackson & Jeffries 2014). In practicearies

in a complex manner with temperature such that it cannot be de
scribed by single values af andb over the full range of tempera-
tures and masses shown in Fig. 1. Instead, local valugisaofd B

are determined as a function of mass from the evolutionaks:.
With n fixed at3/2, the value ofA is determined from the slope

of the evolutionary tracks at constant masg4 = $1257). This

resulting from 30 percent spot coverage of dark starspdts=(0.3, see
section 2.4).

slope changes with time, so we restrict the fit to the 0.7 dex of
time immediately preceding the epoch of 95 per cent lithitan d
pletion, t9s (see Fig. 1). The rationale for this is that it will only
be the presence of spots and the consequent structure dofathe s

© 2013 RAS, MNRASD00,[THI0
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Figure 4. The variation of the exponents A and B (defined in equation 1,
plotted asl/A and B/A respectively) defining the polytropic model of a
star in the Hayashi zone as a function of mass and photosphetperature
(at the epoch of 95 per cent Li depletion). Squares give gadwéndividual
masses. The curves are fifth order polynomial fits.
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Figure 5. The effect of starspots on the Li depletion age as a functfon o
luminosity. The lower solid line shows the 95 percent Li @tjpoih age for

an unspotted star. Blue dotted and solid lines show theteffancreasing
levels of spot coverages€0.1, 0.2 and 0.3) where, at a given mass (marked
with fiducial squares in the lower and upper curves), the bieteon age is
increased by a factqil — 8)~! and the luminosity is reduced by a factor
(1 — B). The red line (and mass points marked as red crosses) shalisres
for 5=0.3 taking account of the small changes in parameters dgfthie
polytropic model caused by starspot coverage (see sectdn 2
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during this period that affects Li depletion. The valueiis deter-
mined in a similar way from the spacing between the evolatipn
tracks B/A = — £1°6 T as a function of\f andT.g (attes). The
constantC' is determined from the luminosity &35. The resulting
values of1/A and B/A are shown as a function of temperature
and mass in Fig. 4. Tracks based on these simple polytropielso
(dashed lines in Fig. 1) are able to reproduce the resultseont-

merical calculations for stars approaching the Li depfeépoch.

2.3 Theeffect of starspotson R and L

Jackson & Jeffries (2014) used a similar polytropic modéhtes-
tigate the effect of dark photospheric spots on the evatutidow
mass stars as they descend Hayashi tracks, where the lityinos
of the star is taken to result solely from the release of gatioinal
energy. When spots form on the stellar surface their imntedi&
fect is to reducd. by a factor { — ), with no change in radius or
temperature of the unspotted photosphéte,Heres is the equiv-
alent filling factor of completely dark starspots that woptdduce
the same reduction i, as the actual coverage of dark starspots
at the actual (non zero) spot temperature. The subsequeat ef
starspots is to reduce the rate of descent along the Hayashi t
by a factor(1 — ). In the long-term there is an increasefirat a
given age, relative to the radius of unspotted stars of similar mass.
Jackson & Jeffries showed that provided starpots were fdmmare
than about 1 dex previously ing ¢, thed]

R e (M T

e =lzw - g1 (o) , @
L —4A 24 M\ T=i

£ -a-pettma-pP (50T @

—4A _ _ LR
e 7= P s (Lelte).

These expressions can be used as follows to determine the
change in the Li depletion age of a spotted stas, relative to
that of an unspotted stat,; ..

(i) Consider an unspotted star of maks requiring a critical
value of[R/M]v; to achieve a specified level of Li depletion, which
is reached at an age. . (see Fig.3). From equatidd 2 the same
value of[R/M]y; is reached for a spotted star at an age lof-

B) " tLiu. Henceat a fixed mass[tris/tLiu]ar = (1 — 8)7F,
corresponding to a vertical shift of a mass point upwardsgrb.
This assumes that the photospheric temperature and defsity
spotted star are not changed enough to alter the valudsaofd B
sufficiently to affect the comparison, and th&t/ M|y is the same
for spotted and unspotted stars.

(i) However, the corresponding change in luminosity atdixe
mass between an unspotted siay,at age{wi,, and a spotted star,
L, at agetr; (1 — 8)" is given by equatiof]3 as../Lu]y =
(1— B). This corresponds to a horizontal shift to the left in Fig, 2b
assuming again that the indices in equalibn 3 that depenti aimd
B do not change significantly for the spotted star.

1 Given that evidence for spots is plentiful on stars as yousyg a Myr
(e.g. Herbst et al. 2002), this assumption seems reasoatdges>
10 Myr.
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Figure 6. Variation of the exponent defining the increase in Li depletion
age of a spotted staty,; ¢ relative to that of an unspotted stay,; ,, of
similar luminosity. The solid black line shows calculated from the slope
of the 95 percent Li depletion age curve (Fig. 2). The bluédddine shows
the exponent calculated from the curves in Fig. 5 where, aemgnass, the
Li depletion age is increased by a factdr— 5)~! and the luminosity is
reduced by a factarl — 3). The red dot-dashed line shows resultsfe0.3
taking account of the small changes in parameters definiagadhytropic
model caused by starspot coverage (see section 2.4).

Fig. 5 shows a logarithmic plot @f,; versus luminosity using
a 95 per cent Li depletion criterion. The lower solid line wiso
the relation for an unspotted star interpolated from the BIG&
models shown in Fig. 2. The blue dashed and solid lines shew th
effect of 10, 20 and 30 per cent spot coverage where, for eass m
point, the age has been increased by a fagtor ) ! and the
luminosity reduced by a factqi — 3).

These two effects can be combined into one simple approx-
imation thattr; s ~ t;.(1 — 8)~F, whereE — 1 is the gradi-
ent of the original (unspotted},; versusL relationship. i.e E ~
14 0logtvri,u/0 log L. This approximation is true for smafl and
remains accurate for larggrprovidedlog t1,;,,, varies linearly with
log L. Fig. 6 compares the value & determined from the slope
of the unspotted Li depletion age curve in Fig. 5 with the effe
values of E found from the positions of the age curves for spotted
stars shown in Fig. 5 that were shifted according to the ttep-s
process described above. Results differ by only 0.03 rme thee
mass range 0.67 M /M <0.4. E ~ 0.5 over most of this mass
range, so to first order we can say thta¢ LDB ages inferred from
models of spotted stars are older than those inferred frandsrd
models by a factor of (1 — 3)~*/2, but by a slightly smaller fac-
tor for older ¢~ 80 Myr) clusters withLips < 10~%° L, where
E ~ 0.3 (see Figs. 5 and 6).

A further effect of starspots is to change the inferred médss o

stars at the LDB. From the mass points in Fig. 5 it can be seen

that starspots both increase the Li depletion age at a givei |

2.4 Thegeffect of changesin polytropic constants

In calculating the change in Li depletion age withit is implicitly
assumed that the constants defining the polytropic modespbt
ted star are the same as those of an unspotted star. Theyalidi
this approximation can be tested by evaluatings taking account
of the changes in critical parameters with spot coveragetdar to
do this it is convenient to define the change in Li depletioa aigd
luminosity in terms of the temperatufe (defined as the tempera-
ture of the spot-free region of the photosphere), the atitiadius
for Li depletion,[R/M]w; and the exponentl. From equations 2
and 3 the change in Li depletion age at fixed mass due to starspo
coverage is actually

(tLi,s ) . 1 44:31:1 [R/M]Ei:?sT‘:zl
tiu/y  (1=5) o [R/M]Ei?:uT7:4 7

1—3A,
where suffixs denotes values ofl, [R/M].; andT for a spotted
star and suffixu denotes values for an unspotted star. Using the
relation L. = (1 — B)R*T*, the change in luminosity at the Li
depletion age is

"‘)M:(l—ﬁ)

It was shown in Jackson & Jeffries (2014) that the effect of
starspots is to offset the Hayashi track of the spotted stative to
that of an unspotted star of the same mass in the HR diagrae. Th
offset at fixed mass and age depends on the slope of the Hayashi
track, as(Ts/Tu)ar: = (1 — B)~2/BA=Y (see equation 9 of
Jackson and Jeffries). The changeliproduces small changes in
[R/M]1; and A. Fig. 4 shows the displacement of the polytropic
tracks of[R/M]1; versusT due to spot coverage which gives an
upper bound for the change [R/M|v; for each mass point. Sim-
ilarly the change inA for a spotted star can be estimated by in-
terpolating the polynomial approximation df A versuslog 1" in
Fig. 4.

Fig. 5 also shows an LDB-age relation for a heavily spotted
star (3=0.3) taking account of this change Thdue to spot cover-
age and the resulting changes/iy/M].; and A. The curve is al-
most identical to the curve calculated assuming tRet\/]r.; and
A are fixed, although at low masses the equivalent mass paiats a
displaced parallel to the curve so theassof a star atLipp is
slightly smaller than would otherwise be estimated. In atfféhe
change of surface temperature at low masses reduces thd age o
the spotted star (at fixed mass) but increases its luminasigh
that the change of age at fixed luminosity is only slightly ified.

Fig. 6 compares the age expondntaking account of changes in
T, ([R/M]L; and A with the results assuming these parameters are
fixed. For a high level of spot coverag8=0.3) the age exponent
differs by < 0.02 rms over the mass range 0Q7M /M, <0.4

and therefore we judge this a negligible source of unceytanen
estimating LDB ages.

4)

[R/M]%l,sTsl
[}%/]\4—]%41&71"11=

®)

3 THE EFFECTSOF STAR SPOTSON THE
BOLOMETRIC CORRECTION

As luminosities and temperatures cannot be measured Igjrnet

nosity and increase the mass of the star that reaches its-Li de observational route to inferring an LDB age involves estintgathe

pletion age at this luminosity. From equations 2 and 3 thkaste
mass at the LDB scales with spot coveragg &5 /M. )r.oB
(1 — p)~(A=D/2A-4B) A5 A is large compared witlB (see
Fig. 4), (Ms/M,)1.ps ~ (1 — )~/

bolometric magnitude of the LDB using its apparent magrmfud
along with distance, extinction and either empirical orottegical
relationships between bolometric correction and the cadospec-
tral type of stars at the LDB (e.g. Jeffries & Oliveira 2005nBs

© 2013 RAS, MNRASD00,[THI0
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Figure 7. The effect of starspots on the BCbolometric correction inferred
from anI — K colour. The upper plot shows Bgversus colour using BT-
Settl model atmospheres (Allard et al. 2011). The blue sarfid dashed
lines show curves for unspotted stars at fixed ages of 1 Gyrl&ddViyr
respectively. The solid black line shows BGralues at the epoch of 95 per
cent Li depletion. The red dashed line shows the predicteeesaf BG¢

for spotted stars with8=0.2 and a spot temperature contrast of 0.8. The
lower plot show the difference in the value RQf this evaluated from its
colour (assuming there are no star spots present) compaiexvalue for

a spotted star predicted using a two-temperature modelliRese shown
for a range of spot temperature contrast ratios, and speragess.

& Jeffries 2014). In this section we consider how the presefc
starspots affects the relationship between bolometriection and
colour for spotted stars. We focus éhmagnitudes and bolometric
corrections versus — K, as these are most frequently used data in
the LDB literature.

3.1 Colour transformationsfor unspotted stars

Fig. 7a shows curves of thE-band bolometric correction, B,
as a function of/ — K colour interpolated from the "BT-
Settl/AGSS2009” model which use synthetic colours and rmagn
tudes derived from the BT-Settl model atmospheres (Alldaime-
ier & Freytag 2011) and the solar abundances of Asplund el al.
(2009). Consider first the case of an unspotted star; theopppte
curve of BGy versus colour is calculated with temperatures and
gravities corresponding tys for each mass track. This is shown
as a solid black line in Fig. 7a.

Also shown in Fig, 7a is a Bf¢ versus colour curve at a fixed
age of 1 Gyr which approximates to the ZAMS. As expected this
shows similar values of BE at bluer colours and higher mass stars

(© 2013 RAS, MNRASD00, [THI0

but is discrepant at lower masses. The reason is presuntadly t
tos for the higher mass stars is closer to their time of arrival on
the ZAMS than for lower mass stars, and hence their gradties
more similar for a gived — K. The maximum discrepancy though
is only 0.03mag at 0.07M/M which would introduce systematic
errors of only~ 1.5 percent in the LDB age estimates for older
(>100 Myr) clusters. This systematic error can be minimised by
using a bolometric correction curve at an age more apprepria
the expected LDB age of the population. For example the darve

a fixed age of 150 Myr (see Fig. 7a) is virtually indistinguible
from one in which BG is calculated atgs at each maga

3.2 Thegeffect of starspots on colour magnitude curves

Starspots affect the magnitude and colour of stars on thestay
track in two ways;

e There is a small increase in the temperatafghe unspot-
ted photospheref the spotted starls (< 4 percent) relative to
that of an unspotted stdf;, of the same age and luminosity. The
magnitude of the change is found from the polytropic model as
(Ts/Tu) s = (1 — B)~1=B/D/(A=B) (see equation 10 of Jack-
son & Jeffries 2014). This makes the unspotted surface obtesp
star slightly hotter (bluer) than a totally unspotted star.

e There is also a contribution to the observed stellar flux from
the spotted area of the photosphere that always makes thapsta
pear redder. The relative magnitude of this contributiopeshels on
the spot temperaturE;, and the fraction of the surface covered by
starspotsy = 8/(1 — Ta,/T3)

A simple two-temperature model is used to calculate thekeffe
of starspots on the bolometric correction @, where thek-band
flux is the sum of the flux from the unspotted surface of diea
v)4rR? and temperatur}, and the flux from the spotted surface
of areay4rR? and temperaturd’,. This gives a combined-
band bolometric correction of

(6)

where BGy, 1 is the bolometric correction at temperatdrdor an
unspotted star at the Li depletion age. A similar expressarsed
to evaluate thd-band bolometric correction in order to determine
BCxk as a function of colour.

The red dashed line in Fig. 7a shows BGs a function of
I — K for a spotted star with8=0.2 and7%,/75=0.8. At higher
masses thé(-band flux from the spotted area reddens the star by
~ 0.1 mag, but at the same time BCis increased by~ 0.05 mag
such that the spotted star still lies on the originalB&rsusl — K
curve for unspotted stars. At lower masses fdoand flux from
the spotted areas is much smaller relative to flux from thpaottsd
area, such that the presence of starspots induces a slighthift
due to the increase in temperature of the unspotted phatcsph
but again a compensatory change in B@eans the relationship
between BG andl — K is hardly changed.

Fig. 7b shows the difference between the bolometric correc-
tion estimated from stellar colour (neglecting spot cogejaand

BCk 1,

2.5

h)‘l

BC
7( Ts K. Tsp

2.5

+ 10

1 —
BCrx star = 2.5log (ﬁw

2 Or, if using an empirical bolometric correction relationrided from
main sequence stars, a small theoretical correction, diyethne gap be-
tween the 150 Myr and 1 Gyr curves in Fig. 7a, could be applied.
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the model value from equation 6 for varying lev@landTs, /7.
In general the difference in values of RCincreases with3 but
peaks for values of’s,/Ts between 0.8 and 0.85 when the flux
from the spotted area is significantly reddened but still @saksig-
nificant contribution to the stellar flux. The results shoattholo-
metric corrections inferred froth— K colour neglecting the effects
of starspots are systematically overestimated by jugi.01 mag
for spot coverage = 0.3. This corresponds to a systematic error
of only ~ —0.7 per cent in Li depletion age. A similar analysis
of BCxk versusV — K colour shows an expected systematic er-
ror of ~ —0.03 in bolometric correction which corresponds to just
~ +1.4 per cent error in LDB age. We regard these systematic un-
certainties as negligible given that= 0.3 will lead to changes in
LDB age of~ +20 per cent according to the results of section 2.3.
A more general treatment of this effect to include the many
ways that bolometric corrections could be estimated usifigre
ent photometric systems, or by using relationships betvepec-
tral type and bolometric correction, is beyond the scopéisfa-
per. The details will depend exactly on which bands are used,
spectral types are determined and how the weaker flux fromtezbo
regions contributes to the considered indicator.

4 DISCUSSION

4.1 Theeffectsof starspotson LDB determinationsand LDB
ages

The main result of this paper is that ages estimated by the LDB
method for spotted stars are systematically older by a faatto
(1 — B)~F compared with estimates using theoretical models for
unspotted stars. The size of the effect depends on spotagw/ér
and the slope of the relationship betweems and L1,ps, charac-
terised by the inde¥’ and illustrated in Fig. 6. Thielativeage in-
crease should apply whatever theoretical models of uregpstars
are used to estimate the LDB age and the valuds wofill be simi-
lar too, because the relationship betweeps and Li.pg is almost
model independent (e.g. Jeffries & Naylor 2001; Burke 2004)
should also apply for any choice of Li depletion factor to defihe
LDB. We have shown that the value &f is robust to the details
of the polytropic models and that working in terms of obsdrab-
solute magnitudes and bolometric corrections does notgehtre
basic result. Hence the main uncertainty in evaluating iteifs
cance of the effect is the value 6f

PMS stars at the LDB have a narrow range of spectral types
from about M4 at 20 Myr (e.g. Binks & Jeffries 2014) to M7 at
130 Myr (e.g. Cargile, James & Jeffries 2010). Levels of nedign
activity in such stars appear to be governed by a rotatidimiyc
connection, and as the spin-down timescales for starsatithss
are longer than their LDB ages, it is likely that most staromat
around the LDB will be rapidly rotating and highly magnetiga
active (e.g. Reiners & Basri 2008). This is confirmed from the
short rotation periods inferred from light curve modulatiseen
in a large fraction of M-type PMS stars at ages of 10—-150 Myg. (e
Irwin et al. 2007, 2008; Messina et al. 2010) and from thedttis
rated” levels of chromospheric and coronal activity (Measit al.
2003; Jackson & Jeffries 2010; Jeffries et al. 2011). Theesanta-
tional modulation provides indirect evidence for spot cage on
PMS M-stars. We are not aware of Doppler imaging resultstHer t
mid-M or cooler objects at the LDB in this age range, but ressul
for young, early M-dwarfs also provide ample evidence fdeex
sive spot coverage (e.g. Barnes & Collier Cameron 2001 )oleer

(150 Myr) clusters and the latest spectral types of statseat DB,

it is possible that levels of magnetic activity and consedspot
coverage begin to decline (Reiners & Basri 2008, 2010) palgh
stars at the LDB in the Pleiades (125 Myr) and Blanco 1 (132)Myr
are still chromospherically active (Stauffer et al. 1998rdile et
al. 2010).

The appropriate value of for active main sequence stars,
let alone PMS stars, is a matter of debate. The evidence is re-
viewed extensively by Jackson & Jeffries (2013, 2014) ariddfe
& Chaboyer (2014). Rotational modulation of light curvesegi
only a lower limit to3 — any axisymmetric spot coverage will not
contribute — but & of atleast 0.1 is probable in the most active stars
based on the upper envelope of their photometric amplit(elgs
Messina, Rodond & Guinan 2001; Messina et al. 2003). Dapple
imaging is also likely to yield lower limits to spot coveragae
to insensitivity to axial symmetry and limited angular riegion
(Solanki & Unruh 2004). Spectroscopic constraints on spet ¢
erage from modelling the TiO bandheads and spectral enésgy d
tributions of active main sequence G- and K-dwarfs suggest s
coverage in the range 20-50 per cent and spotted to unsypbived
tospheric temperature ratios of 0.65-0.80, leadiM@yto< 8 < 0.4
(O'Neal, Neff & Saar 1998; Stauffer et al. 2003; O’Neal et al.
2006). Whether such values can be extrapolated to younger an
lower mass PMS stars is uncertain.

Indirect estimates of3 for low-mass PMS stars can come
from assuming starspots are responsible for their largbr cam-
pared with models for inactive PMS stars of similar mass ayed a
This was the approach adopted by Jackson & Jeffries (2014) wh
showed that the radii of fully convective PMS stars are iasesl
by a factor(1 — 3)~%*% at a given luminosity. From radius es-
timates for PMS M-dwarfs in NGC 2516, at an age of 150 Myr,
they inferreds ~ 0.5. This value should probably be regarded as
an upper limit; Macdonald & Mullan (2013) have shown that the
inclusion of magnetic inhibition of convection in additiom dark
starspots reduces the required values.of

In summary, the value of is quite uncertain (with an un-
certainty that grows with decreasing mass and hence old& LD
ages) but probably lies in the range 0.1-0.4 for the typedasf s
considered here. At the lower end of this range the presehce o
starspots represents a small, but systematic increase dfper
cent to LDB ages (slightly less for clusters older than 80,Nba-
causeF is smaller — see Fig.6). To put this in context, even this
correction is similar in size to making factors of two adjustt to
the mixing length adopted by evolutionary models or makinigey
drastic changes to the radiative opacities or assumed boyndn-
ditions of the outer atmosphere (see figs. 3-5 in Burke e2084).
Obviously if the spot coverage were at the upper end of thgeran
suggested above, then LDB ages could be systematicallydsed
by as much as 30 per cent; a far larger correction than thoséodu
any of the factors considered by Burke et al. (2004).

Any systematic increase in LDB ages would alter the conclu-
sions of the comparison with ages determined from fittingeupp
main sequence stars and the nuclear turn-off in the HR diagra
The introduction of further convective core overshootimgegtra
mixing due to rotation would be required in order to thosesage
into concordance with the revised LDB ages (see the dismusan
Stauffer et al. 1998; Jeffries et al. 2013; Soderblom et@132. A
further effect of spots might be to explain some of the “bhgt
of the LDB that has been noted in some clusters (e.g. Jeffries
Oliveira 2005; Jeffries et al. 2013). In principle, the LDBosild
be sharp, with little difference in luminosity between taastars
exhibiting no lithium and those of slightly lower mass withetr

© 2013 RAS, MNRASD00,[THI0
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undepleted initial abundance. In practice, there are stitinsLi in-
termingled with Li-depleted stars along the cluster seqaen a
colour-magnitude diagram. In section 3.2 we showed thatego
stars have virtually the same relationship between bolomedr-
rection and colour as unspotted stars. Thus a coeval seguwénc
stars in the colour-magnitude diagram is still a sequencstaif
lar luminosities even if some stars are more spotted thaersth
However a star with largef will reach the LDB (and hence be
Li-depleted) at higher luminosity and hence brighter alsonag-
nitude. Conversely, we expect Li-rich spotted stars to isbéx the
colour-magnitude plane with Li-poor stars with lower spover-
age that have already reached the LDB. The size of any intermi
gling region will be~ 2.5 log(1—AB) mag, whereAj is the range
of 8 values.

4.2 LDB agesand other magnetically caused structural
changes

The analysis in Sections 2 and 3 considers only the effect of
starspots on the LDB age. However, other authors have cenesid

a number of ways that the presence of dynamo-generated tiagne
fields might alter the structure of low-mass stars. The degoe
which magnetic fields affect LDB age estimates depends pifima
on how they effect the rate of heat loss from the star and hirece
rate of change of radius with time. Broadly speaking theestan
ways in which this can happen (e.g. Chabrier, Gallardo & Bara
2007). The first is a reduction in the efficiency of radiativeah
transfer from the surface of the star due to the presencaisfsits,
which we have discussed here and which can be characteriged w
3, the fraction of flux blocked from leaving the star (SpruiB23.
The second is a reduction in the efficiency of convective traas-

fer in the interior of the star, which increases the radiuthefstar

at a uniform surface temperature. This may be charactedsen
reduction in mixing length (Somers and Pinsonneault & 20t#4)
by changes to the Schwarzschild stability criterion (MukaMac-
donald 2001, Feiden & Chaboyer 2014).

Somers & Pinsonneault (2014) claimed that a reduction in
mixing length would increase LDB ages and this was numéyical
established by Burke et al. (2004). Here we can briefly seethimwv
result fits into our polytropic framework and show that therease
in LDB age can be more generally expressed in terms of andeere
in radius at a given age rather than in termg3oBy equating the
rate of change of gravitational potential energy to its lnosity, for
a polytropic star (of index) contracting along a vertical Hayashi
track, we can write down the time taken to reach a particaldius
(in this case the radius at which Li is depleted)

1 GM 1

ti=
Y710 — 2n 4w T, RE,

O

We now say that the radius of a star at a given age is magrigtical
inflated by a factol(R;/R..): where suffix: refers to the inflated
star and suffix. the reference star. If we further assume that the sur-
face temperature is reduced by a fadtbr/T..): = (Ri/Ru.); "/,
such thatV// L is unchanged, then the Li depletion age is increased
by a factort; 1.i /t.,.. = (R:/R.)? and the luminosity decreased
by a factor Li 1i/Lu1i = (Ri/R.);>2. These two factors are
equivalent to the shifts oftl — 8) ! and (1 — 3) established for
spotted stars in section 2.3 provided th&t /R, ): ~ (1—5)"".

But that is precisely what was found in Jackson & Jeffriesl@®0
where we showed thdiR; /R.)r.: = (1 — )77 if the Hayashi
tracks are vertical. Hence, although this is a very simpldeh(the
Hayashi tracks are not vertical and the polytropic indexhnige

~
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changed depending on the radial profile of magnetic fieldg- e.
Feiden & Chaboyer 2014), it shows that if radii are inflated by
a given factor, the onset of Li-burning will be delayed andB.D
ages increased by a similar amount irrespective of the emach-
anism(s) causing the radii to be larger.

Whilst there might be little difference ihr,pg for stars of a
given age that are made larger by either starspots or a feduct
in convective efficiency, theres a key observational distinction.
Starspots change the bolometric correction and coloursacs &
compensatory ways so that the colour and magnitude of atster a
LDB closely mimics those of an unspotted star of slightlfetiént
mass. On the contrary, stars that are made larger but havéoenun
surface temperature will be significantly redder than utisplcstars
of similar luminosity or magnitude. The reddening with resjpto
non-magnetic stars grows (e.g. for radii increased by 1lcpet)
from0.12 mag il — K atM = 0.5 M (u.poB =~ 20 Myr) to 0.35
mag atM = 0.075 Mg (rLps =~ 150 Myr). Thus thecolour of
the LDB for inflated stars with a uniform photospheric tengbere
would be redder than if the inflation were caused by dark photo
spheric inhomogeneities. The difference should be quitdeabat
the older end of the age range considered if radii were isegt¢o
this extent.

5 SUMMARY

Polytropic models of fully convective PMS stars are usednto i
vestigate the effects of cool starspots on ages determinedthe
Lithium Depletion Boundary (LDB). The effect of spots is fow
the rate of descent along Hayashi tracks leading to lower tem-
peratures at a given age or luminosity. This delays the afdet
destruction and means that if the luminosity at which Li ipléeed
can be measured — the LDB — then the age inferred from thidéhou
be increased. Our specific findings are:

e The age,m.ps, inferred from the luminosity of the LDB,
Lipg, is systematicallyincreased by a factofl — 3)~* com-
pared with an age estimated from unspotted evolutionaryetsod
Here, 5 is the equivalent coverage of dark starspots and the ex-
ponentE is related to the rate of change ofpg with Lips;

E ~ 1+ dlogt.ps/dlog Lips. For ages< 80 Myr, E ~ 0.5
and decreases towards0.3 at older ages as shown in Fig. 6.

e We also find that spotted stars show virtually the same re-
lationship betweerK-band bolometric correction and colour as
unspotted stars, so that estimates of age based on the t@hkolu
magnitude will be affected in exactly the same way.

e The appropriate value(s) ¢f to adopt are highly uncertain,
but may lie in the range 0.1-0.4. Even at the lower end of trige,
the systematic shift in LDB ages is comparable with the Istrge
theoretical uncertainties previously claimed for the réghe (e.g.
Burke et al. 2004). For the largest values/tonsidered, LDB
ages would be increased by 30 per cent (16 per cent at oldg),age
a significant change that would require re-evaluation opthesics
in higher mass stellar models if ages inferred from theseewer
agree with LDB ages.

e We note that any magnetic effect that causes PMS stellar radi
to be larger at a given age, whether that be starspots or a re-
duced convective efficiency, will produce similar increage in-
ferred LDB ages. However, increased radii with uniform jphot
spheric temperatures due to suppressed convection in térgoin
will cause the LDB to be observed at significantly redder amdo
than for spotted stars of equivalent radii, or for non-maigregars.



10 R.J.Jackson and R. D. Jeffries

ACKNOWLEDGMENTS

RJJ and RDJ wish to thank the UK Science and Technology Facil-
ities Council for financial support.

REFERENCES

Allard F., Homeier D., Freytag B., 2011, in Johns-Krull C.,
Browning M. K., West A. A., eds, 16th Cambridge Workshop
on Cool Stars, Stellar Systems, and the Sun \ol. 448 of Astro
nomical Society of the Pacific Conference Series, Model Atmo
spheres From Very Low Mass Stars to Brown Dwarfs. p. 91

Asplund M., Grevesse N., Sauval A. J., Scott P., 2009, ARA&A,
47, 481

Baraffe |., Chabrier G., Allard F., Hauschildt P. H., 19984
337, 403

Barnes J. R., Collier Cameron A., 2001, MNRAS, 326, 950

Basri G., Marcy G. W., Graham J. R., 1996, ApJ, 458, 600

Bildsten L., Brown E. F., Matzner C. D., Ushomirsky G., 1997,
ApJ, 482, 442

Binks A. S., Jeffries R. D., 2014, MNRAS, 438, L11

Burke C. J., Pinsonneault M. H., Sills A., 2004, ApJ, 604, 272

Cargile P. A, James D. J., Jeffries R. D., 2010, ApJ, 72511 11

Chabrier G., Gallardo J., Baraffe ., 2007, A&A, 472, L17

D’Antona F., Mazzitelli I., 1994, ApJS, 90, 467

D’Antona F., Ventura P., Mazzitelli I., 2000, ApJ, 543, L77

Ekstrom S., Georgy C., Eggenberger P., Meynet G., Mowlavi
N., Wyttenbach A., Granada A., Decressin T., Hirschi R.,
Frischknecht U., Charbonnel C., Maeder A., 2012, A&A, 537,
A146

Feiden G. A., Chaboyer B., 2013, ApJ, 779, 183

Feiden G. A., Chaboyer B., 2014, ApJ, 789, 53

Gough D. O., Tayler R. J., 1966, MNRAS, 133, 85

Hayashi C., Nakano T., 1963, Progress of Theoretical Phy3(;
460

Herbst W., Bailer-Jones C. A. L., Mundt R., Meisenheimer K.,
Wackermann R., 2002, A&A, 396, 513

Hillenbrand L. A., 2009, in Mamajek E. E., Soderblom D. R.,
Wyse R. F. G., eds, IAU Symposium Vol. 258 of IAU Sympo-
sium, Age-related observations of low mass pre-main andgou
main sequence stars. pp 81-94

Hillenbrand L. A., Bauermeister A., White R. J., 2008, in van
Belle G., ed., 14th Cambridge Workshop on Cool Stars, Stel-
lar Systems, and the Sun Vol. 384 of Astronomical Society of

ference Series, The Lithium Depletion Boundary as a Clock an
Thermometer. p. 633

Jeffries R. D., Naylor T., Mayne N. J., Bell C. P. M., Littléfa
S. P., 2013, MNRAS, 434, 2438

Jeffries R. D., Oliveira J. M., 2005, MNRAS, 358, 13

Lopez-Morales M., 2007, ApJ, 660, 732

MacDonald J., Mullan D. J., 2013, ApJ, 765, 126

Maeder A., Meynet G., 1989, A&A, 210, 155

Mendes L. T. S., D’Antona F., Mazzitelli I., 1999, A&A, 34174

Messina S., Desidera S., Turatto M., Lanzafame A. C., Guinan
E. F., 2010, A&A, 520, A15

Messina S., Pizzolato N., Guinan E. F., Rodond M., 2003, A&A
410, 671

Messina S., Rodono M., Guinan E. F., 2001, A&A, 366, 215

Meynet G., Maeder A., 2000, A&A, 361, 101

Morales J. C., Ribas I., Jordi C., 2008, A&A, 478, 507

Moss D. L., 1968, MNRAS, 141, 165

Mullan D. J., MacDonald J., 2001, ApJ, 559, 353

O’Neal D., 2006, ApJ, 645, 659

O'Neal D., Neff J. E., Saar S. H., 1998, ApJ, 507, 919

Rebolo R., Martin E. L., Basri G., Marcy G. W., Zapatero-Ggor
M. R., 1996, ApJ, 469, L53

Reiners A., Basri G., 2008, ApJ, 684, 1390

Reiners A., Basri G., 2010, ApJ, 710, 924

Soderblom D. R., 2010, ARA&A, 48, 581

Soderblom D. R., Hillenbrand L. A., Jeffries R. D., Mamajek
E. E., Naylor T., 2013, ArXiv e-prints: 1311.7024

Solanki S. K., Unruh Y. C., 2004, MNRAS, 348, 307

Somers G., Pinsonneault M. H., 2014, ApJ, 790, 72

Spruit H. C., 1982, A&A, 108, 348

Spruit H. C., Weiss A., 1986, A&A, 166, 167

Stassun K. G., Kratter K. M., Scholz A., Dupuy T. J., 2012, ApJ
756, 47

Stauffer J. R., Jones B. F., Backman D., Hartmann L. W., Biarra
y Navascués D., Pinsonneault M. H., Terndrup D. M., Muench
A. A., 2003, AJ, 126, 833

Stauffer J. R., Navascués D. B. y., Bouvier J., Morrison H. L
Harding P., Luhman K. L., Stanke T., McCaughrean M., Tern-
drup D. M., Allen L., Assouad P., 1999, ApJ, 527, 219

Stauffer J. R., Schultz G., Kirkpatrick J. D., 1998, ApJ, 499
L199+

Stevenson D. J., 1991, ARA&A, 29, 163

Ushomirsky G., Matzner C. D., Brown E. F., Bildsten L., Hilld
V. G., Schroeder P. C., 1998, ApJ, 497, 253

Ventura P., Zeppieri A., Mazzitelli I., D’Antona F., 1998 8A,

the Pacific Conference Series, An Assessment of HR Diagram 334, 953
Constraints on Ages and Age Spreads in Star-Forming Regions
and Young Clusters. p. 200

Irwin J., Hodgkin S., Aigrain S., Bouvier J., Hebb L., Irwin.M
Moraux E., 2008, MNRAS, 384, 675

Irwin J., Hodgkin S., Aigrain S., Hebb L., Bouvier J., Clarke,
Moraux E., Bramich D. M., 2007, MNRAS, 377, 741

Jackson R. J., Jeffries R. D., 2010, MNRAS, 402, 1380

Jackson R. J., Jeffries R. D., 2013, MNRAS, 431, 1883

Jackson R. J., Jeffries R. D., 2014, MNRAS, 441, 2111

Jackson R. J., Jeffries R. D., Maxted P. F. L., 2009, MNRAS), 39
L89

Jeffries R. D., Jackson R. J., Briggs K. R., Evans P. A., Py, J.
2011, MNRAS, 411, 2099

Jeffries R. D., Naylor T., 2001, in Montmerle T., André Rise
From Darkness to Light: Origin and Evolution of Young Stella
Clusters Vol. 243 of Astronomical Society of the Pacific Con-

This paper has been typeset fromgXMaX file prepared by the
author.

© 2013 RAS, MNRASD00,[THI0



	1 Introduction
	2 Effect of starspots on the age of lithium depletion
	2.1 Masses and radii of stars at the LDB
	2.2 Polytropic models as function of mass
	2.3 The effect of starspots on R and L
	2.4 The effect of changes in polytropic constants

	3 The effects of star spots on the bolometric correction
	3.1 Colour transformations for unspotted stars
	3.2 The effect of starspots on colour magnitude curves

	4 Discussion
	4.1 The effects of starspots on LDB determinations and LDB ages
	4.2 LDB ages and other magnetically caused structural changes

	5 Summary

