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ABSTRACT

By using the current photometric rotational data on eighag& open clusters, we show that the evolutionary stettadel
(isochrone) ages of these clusters are tightly correlatiéld thve period shifts applied to theB(— V)—Pro ridges that optimally
align these ridges to the one defined by Praesepe and the $dy@dehe other hand, when the traditional Skumanich-typki-mu
plicative transformation is used, the ridges become far ddigned due to the age-dependent slope change introdydie period
multiplication. Therefore, we employ our simple additiver@rage calibration on various datasets of Galactic fiedassto test its
applicability. We show that, in the overall sense, the ggges are systematically greater than the isochrone agesdifférence
could exceed several giga years, depending on the stelampgers. Although the age overlap between the open ctussed in
the calibration and the field star samples is only partia,y5stematic dierence indicates the limitation of the currently available
gyro-age methods and suggests that the rotation of fielsl staws down with a considerably lower speed than we woulé&xpom
the simple extrapolation of the stellar rotation rates ieroplusters.
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1. Introduction that the marginalized likelihoods of the gyro-parametershat
multiple maxima. The authors suggest the presence of nwultip
Gyrochronology (the determination of stellar ages fronirttee  rotation-color-age populations and raise concerns forctire
tation periods and colors) has gained considerable pdpuilar rently applied method of gyrochronology. In a further paper
recent years, largely due to the speedily accumulatingrese Maxted, Serenelli, & Southworth (2015) found strong evicken
tional data on open clusters. These data suggest thatafis, for the younger gyro-ages of many of the 28 extrasolar planet
several ten million years of formation, settle on a fairlyllwe host stars in their sample (largely discovered by grourskta
defined ridge in the colewrotation period Pr) diagram. By surveys). They searched for a possible cause of the diswgpa
comparing cluster data of various ages, it turned out that thvithin the framework of tidal interaction between the pliazied
height of these ridges (i.e., the rotation periods at eadbro the host, but they found no compelling evidence for a refatio
increases as the cluster is aging. This property has first béetween the gyro-age and the computed timescale of tidatint
recognized by Skumanich (1972) (see also Kraft 1967) and haion.
later been elaborated by many authors both observatiofead)y, There are also technical details, including the transféiona
Barnes 2003) and theoretically (e.g., Kawaler 1988). Alffo of the color and period values to stellar ages. This is ugdalhe
differing in _detgills, it is widely accepted that the slowing-tlowpy the type of formulae introduced by Barngs (2003), wheye, b
of the rotation is due to the angular momentum loss by magnfiaintaining the Skumanich-type age dependence, the celor d
tized stellar wind (as first described by Schatzman 1962), apendence of the period is represented by a multiplicatigefa
the rotation period is scaled as the square root of the s&fle  that entirely depends on the color. We show that this reptase
(as suggested first by Skumanich). A comprehensive degtTipttion is suboptimal because it does not lead to the cleanesige
of the CUrrenl_: status Of the field of stellar rotation can b.mﬁh COIOr_Prot ridge when, using the prescribed time_dependence’
for example, in Bouvier (2013). all periods are transformed to the same age. Yet anotheallgqu

The success of the applicability of gyrochronology depenégportantquestion is if the target star has already rea(dredis
on various factors, most importantly on the validity of tie¢ar ~Still in) the rotationally settled state (correspondingémuence
tion derived from open clusters for other stars. Based othera ‘I' in the nomenclature of Barnes 2003). Open clusters ata vi
limited sample, Barne5 (2009) have shown that both the chron®bjects to define this state since their members are assirbed t
spheric and the isochrone ages are considerably greatetttaa coeval, leading to a topographically well-defined ridgesture
gyro-ages derived from his formulae. S|m||ar|y, Brov@l in the CO|O|'—Pr0! plane. HOW(_ever, for individual ta_rgets .We do
investigated a more extended sample of transiting extmasolot have any criterion to decide whether they are in theimtat
planet host stars and found hints of thigeet. Two very re- ally settled state, except that we assume that for theimeseid
cent papers seem to further strengthen this observatiogugnages they are. This is a general problem in the applicaltuifity
et al. [2015) performed a Monte Carlo Markov chain anal@yrochronology.
sis by using 310 asteroseismic targets from the archiveef th The purpose of this paper is to derive an updated relation be-
Kepler satellite, a few well-studied fields stars from otbar- tween the color, rotation period, and age of rotationallyleea
lier works, and data on two open clusters. They calibrated thtars in open clusters and employ this relation on variods-in
formula of Barnes[{2003) on this merged dataset. They foupdndent datasets to test the new formula against isochge® a
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Y panm s e e X A | g 3 2.1. Calibrating datasets
. .
15} ’XV'24§ o e ik L\'Sgll E We chose eight recently observed clusters with reliablersol
of o L K -,-,:. b e 1 and periods. The basic properties of these clusters thathre
st ;{g "_{ i ;‘* ] evant for this paper are listed in Talileé 1. The ages span the
= SRR ¥ w range betweer 0.1 and~ 1 Gyr. Unfortunately, for older clus-
= 0 . . . ters (more relevant for the field stars) we do not yet have good
S of ' ' — = rotation period data. For example, for one of the oldest open
a 5t J'Y'élg . 1t !\|362811 clusters, M67, the available rotation data are too spardeeto
— . st . : considered useful in the present context (e.g., Canto Maeti
o, JGE. 2 _;'v‘. . 1 al.[2011; Stassun et al. 2002). For NGC 6819 (ageb Gyr, see
5 L PR 7 Y P é 1 Balona et al.2013b), it is hard to reconcile the color-peptot
of ‘.',' 1 assuming that the cluster members are coeval. For NGC 6866
55 To It s To —I: (age~ 0.65 Gyr, see Balona et al. 2013a), the same diagram is
(B-V)q (B-V)q cleaner but still confusing (nearly constant period-010 days

from (B — V)p =~ 0.5 with a nearly uniform downward scatter

Fig. 1.Multiplicative vs. additive ridge alignments. Upper panelPetween~ 2 and~ 10 days). _ _ _
show the result of the exact Skumanich-type period scaliitly w Although from both an observational and theoretical point
Prot — Prot Vivaa/tauses Wheret stands for cluster ages. Theof View, the use of 8 — V), as the color coordinate in the ro-
scaling factors are displayed in the boxes. The lower pahets tational studies is not necessary th_e best one, it is commonl
the same test with the additive scalingRi§; — Prot + C, where used. Therefore, we follow this practice here as well andhse
cis the period shift as shown in the corresponding boxes. TREEVIously published — V) colors whenever possible as given

fiducial ridae (see Eaq. (3)) is plotted as a light color contias M the corresponding papers where the rotational periods we
line. ge ( a-3)isp g published. Four clusters (M34, M35, M45, and Blanco 1) fall

into this category. For M44, we also use tiige{ V) colors pub-
lished in our period source (i.e., in Kovacs etlal. 2014) Jwat
ote that the colors originate from the APASS database lé@a t
CAC4 catalog, see Zacharias et’al. 2013). For M37 we use the
colors given in the period source (Hartman et_al. 2009), twhic
are based on the cluster study of Kalirai etlal. (2001), h@rev
For NGC 6811 we cross-correlate the list of rotational \dga
of Meibom et al.[(2011a) with the photometric table of Jartes e
al. (2013). This yields 58 objects from the original 71 olgeaf
The ‘I' branches of the cluster rotational data are commditly Meibom et al.[(2011a). For the Hyades we use the compilation

and, if possible, improve the gyro-method and extend itdiap
cability. Except for using the isochrone ages, we stay withi
strictly empirical framework throughout the paper.

2. New color-period-age formula

ted by the following expression (Barries 2003) of colors as given in the period source by Delorme efal. (2011
Six stars in this source do not have color values. We chediesd t
P=gt)f(B-V) (1) APASS database for these objects and found that five of these

have fineB, V measurements. Before entering these values, we
. . cross-correlated the other stars of Delorme et[al. (2011 wi
Yz\;\r/]ve;itrr]gsas?gr-mdo%)sv?t?]erz]ga(%a?nlzﬁg;%xgn?éiﬁq%%?vsﬁxv tehréthe APASS database and found that on the average the APASS
Skumzfnich-law The colorN-dé endent facto? is also repiese (B—V)indices are M4 mag bluer than the ones given in Delorme

: P etal. M)v that iS,S - V)compilation = (B - V)APASS +0.04. By

_V _ )b
az rzng(e)\tlgg ?gggiine}{j b C)S(’)r‘;]vgerfoa'et;’l agﬁgsggec?gtzt@nt applying this color shift to the APASS colors of the five vari-
P d 1o be f f ydd © properly ables mentioned above, we finally compiled a sample with 61
IS assumed 1o be Iree ot reddening. variables for the Hyades.

In a brief test of this multiplicative age dependence, wedra
formed two clusters (Pleiades (M45) and NGC 6811) to the fidu-
cial ridge line (determined by Praesepe (M44) and the Hyad2g. Fiducial color—period ridge, age scaling

— see Sect. 2.2). The multiplicative and additive periodigra

formations are shown in the upper and lower panels of[Big @g we have discussed in the introduction of this section, the
The change in slope for the younger cluster M45 in the cagiiong variation in the steepness of the color-period Sdgeen

of the multiplicative transformation is clear (see alsodilaret a Skumanich-type multiplicative period transformationizd

al. 2014, their Fig. 12). For NGC 6811 there is not mudfedi suggests that there is a need for some other type of transfor-
ence beiween the two types of transformation. However, e Jpation if we assume that these ridges are related through som

(although the color range is rather short) that in both ctsae \S/:ar_:’]ti))lLTS’ i?l\j\gt%?rgggtsel: traenss';fsotrr?;?tgogilm\h?:?/Llr?iigle%gim de)
is a slight downward trend with respect of the fiducial ridge. 99 P 0

might be that the steeper slope for young clusters changesEiBift may substantially improve the ridge alignment. Tihere,

ward a milder slope and eventually reverses for older daste’’® assumed that there existéiducial ridgeihat yields a bet-

Unfortunately, NGC 6811 is the only available cluster witgth Lc" "éPresentation of the data simply by an optimum shifhi t
quality rotational periods at 1 Gyr, so the empirical confirma- 1d9€: thatis, the rotation periods of the stars on the rasfgeach
tion of the evolution of slope needs to await future obseéowet cluster can be represented by the following formula

of older clusters. Because of the considerably better ppdace p «(age color) = P4l color) - c(age) @)
of the additive period transformation in the younger aggean '~ rot ’

in the next sections we therefore derive a new calibratiothef where we assumed that the additive constant is primarilyie-fu
gyro-age relation based on the additive method. tion of age. The derivation of the additive gyro-age relatie-
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Table 1.Calibrating clusters

Cluster E(B-V) Age [Gyr] N Source
Blanco 1 002 0117+ 0.017 33 CO09, C10,C14

M45 0.04 0135+ 0.015 251 B14,B14,H10

M35 0.20 0180+ 0.020 418 KO3, K03, M09

M34 0.07 0220+ 0.030 118 C79, M11b, M11lb

M37 0.23 0550+ 0.030 575 HO08, HO8, HO9 E
Hyades o 0625+ 0.050 61 T80, P89, D11 -
M44 0.03 0665+ 0.011 180 TO6, B14, K14 D_Q

NGC6811 07 1000+ 0.170 58 J13,J13, Mlla

Notes:All ages result from isochrone fitsl c = number of light
curves; source: papers used for reddening, age and rofsiaus.
We assigned arbitrary age errors to M34 and M35. For these two
clusters we used the published dereddened colors. For M&3okhe
Mathieu & Stassuri{2009) did not specify the reddening ctioe
used. See text on the sources of the colors used for the rdesteered
in this table.

E(B - V) source:C09=Cargile, James & Platais (2009), BiBellet  Fig. 2. Example of the period adjustment based on the harmonic
al. (2014), KO3-Kalirai et al. [2008), C79Canterna, Crawford & ambiguity of the estimated rotation periods from the fretpye

Perry [1979), HO8Hartman et al[{2008), T8draylor (1980), spectra of the light curves (Hartman et [al._2009). The darker
TO6=Taylor (2006), J13Janes et al[(2013) gray line shows the fiducial ridge line shifted to the cluster

Age sourceC10=Cargile, James & Jiies (2010) (from their Fig. 3),  gequence. The lighter gray line was obtained by halving e p
B14=Bell et al. [2014), KO3Kalirai et al. (2008), M11bMeibom et jo4q corresponding to this cluster ridge line. The unattee

?&%&ggﬁﬁg?n et al [(2008), Pe®erryman et al[{1998), (i.e., originally published) periods are displayed as bldats.

Period sourceC14=Cargile et al.[[2014), H:eHartman et al[{2010),

M09=Meibom et al.[(2009), M11bsMeibom et al.[(2011b), . T .
HO9=Hartman et al [(2009), DEDelorme et al.[(2011), Kt4Kovacs ©Of the period ambiguity in Fid.]2. The number of ambiguous
et al. [2014), M11aMeibom et al.[2017a) periods changes from cluster to cluster and have some i#uen

on the resulting period shifts. However, our experiencensho
that although this correction is important in principlepiractice

. . o : (in part due to the relatively small number of ambiguous sase
quires determining the fiducial ridge and the cluster-ystsr it does not have a significantfect on the robust period shift

period shifts. In the earlier version of the paper we emplbyee S :
: : . . .2 gstimation described below.
an iterative scheme of least squares with data point deasity Several ways are possible to find the fiducial ridge line that

weights to derive the main fiducial ridge as the best polyng- . ; : .
; e : e est fits an ensemble of points that contains the clusteerid
mial approximation for the high-density ‘I’ branch part difet Iljne (sequence ‘1) as a supbset. Manual selection of oulier g

B - V)o — Prot diagram. The derived fiducial ridge was rathe g > . X "
<(:Iose t)(;) the r(c;tne s%anned by Praesepe. In part%ue the stimQ& possibility, weighting with the density of the data fisis

tion of the referee report, we therefore decided to fix theciialu another. H_ere we resorteq to a robust f|tt!ng method thatsedba )
na special kernel function employed in the least-squates fi

ridge as a polynomial fit to the merged data of Praesepe Eihe kernel will automatically put less weight on outlierada
the Hyadesl Some details of the fitting procedure are given i ) Y P 9 .
we do not need to decide on a case-by-case basis whether the

Appendix A. Here we only give the finally accepted fourth-@rd . d o i
olynomial expression given data pointis an outlier or not. .
P From the several kernels available in the literature, weseho
the one introduced by German & McClufe (1987). The GM ker-
pliducial _ _ 3551+ 15307(B - V)o — 20113(B - V)2 nel is widely used in various robust fit problems, includired-p
tern recognition (e.g., Yang et al._2014). Accordingly, wg-m

+ 7.71x 3307 + 5084 imized the following expression to find the best-fitting ficaic
+ 12060(B - V)3 - 26.28(B - V)3 ridge
+ 3335 + 791 . (3)

This polynomial fits the periods of the two clusters with = . :

1.088 days. The errors listed are formal errors. E= Z G(oP(1)

We need to note here that the clusters used to derive this =
fiducial ridge exhibit fairly clean colerP . diagrams, including GGP()) = (6P(i))?
the lack of major ambiguities concerning the relation ofttiue ~a+ (6P(0))?

rotational period to the one determined by the highest peak i N _ pfiducialiiy N

the freqyency spectrum. There is a_generic degene_racysin thi OP(0) = Pro (1) = Prar(i) — € - )
respectin all photometr_lcally determmed rotation pesicthey . This least-squares condition with the GM kernel is equivale
are ambiguous toward integer multiple periods due to p&ssﬂl)

. g L B weigh rdinary | - r ndition with h
special spot positions and numbers and also for aliasingen (/\c/) a weighted ordinary least-squares conditio th Cauchy

X ights. We used simple scanning to find the best-fitting pe-
case of ground-based observations. We show a clear exarrm‘fagshift parametec. TF;]e error ofcgis estimated as2(c) =g P

1 We added the Hyades because the two clusters are very similagi-1 w(i)(6P(1))?/(n ZL; w(i)), wherew(i) = 1/(a + (5P())?).
all aspects, including their ages, therefore, except foper correction 1he method has a single free parametéhat can be tuned to
for - their otherwise low - reddening, merging does not rezjany ad- be more & is small) or lessd is large) sensitive to outliers. We
ditional special treatment of the data. found thata = 1 yields a perfect performance with accurate and
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Table 2. Period shifts for the calibrating clusters

Blancol M45 M35 M34 M37 Hyades M44 N6811 20F T L .. V
308 348 337 253 131 005 001 -316 A R S S
+0.17 +0.08 +0.07 +0.11 +0.05 +0.12 +0.05 =+0.11 o 0 S Ten.s i esl” -
. . .. 15¢ c riadg e der s
Notes:The shifts (parameterin Eq. (2)) are given in days. = T '_'::;?“ Y -\f."i‘}'g A
Equations (2) and (3) can be used to predict the ridge peftwd=ach = v oca “?-".3_ v, . .
cluster. s 101 i AR N W
pusl ...‘- .‘:'.o .'.Q:':' -. .
- .:":.‘ - :‘ "":’ .
5t " :. ¥ ’*.- oo’ o* '-. f-:. \.'... :Q.. .:{.o ..'
-3. u:‘:. ; -‘: L ..'?' .-.. '.:l e, ’,‘.iw. Dy
20F j . : . " 0 ‘.5.3.::0:3\3 HEE 0:52 }??ME 2% 'I"
et Lt 0.5 1 15
15} . L ".";:".:: ) (B-V)q
. . . ° e 3 o LI
E . " ...: *. 'sz?‘ . s °
5 10f % N2 ;.72.s"'-' Fig. 4. Merged data of the eight clusters after multiplying the
n- o s Tyt cluster periods by the factors given by the exact Skumalasiah-
sboo . s D 'w'-':.-”"- 20N, e (i.e., Prant = PobsVAGE(M44)/AGE(clus).) The cluster ages
L ewalal s *W’%{. ool are given in Tabl&]l. Data from M44 (Praesepe) are shown by
e : - - black dots.
OL ) ) L
0.5 1 15
(B-V)o 12} eBlancol eM45 M35 |]
M34 ®M37 ®Hyades
Fig. 3.Merged data of the eight clusters of Talle 1 after applying 1t et (A
the shifts to each cluster as given in Table 2. Data from M44— ;51
5 0
(Praesepe) are shown as black dots. o
o 06f
robust identification of the ‘I’ sequences in each clusteth all f(” 04l
datalisted in Tabld 1L left in the datasets for each cluster. An ex-
ample of the cluster fit is shown in Appendix A. The optimum 0.2
period shifts with their errors are summarized in Téble 2. ok
To illustrate the dference between the additive and mul- s s s - s s s -

-3 -2 -1 0 1 2 3

tiplicative (Skumanich-type) period transformations e full o
Pot(fiducial) - P, [days]

sample of open clusters used in this paper, in Fiys. Fand 4 we
plot all data points after applying these transformatidhss
clear that the additive transformation leads to a tightetepa
for the ‘I' sequence and thereby allows a more reliable itives
gation of the age dependence of the rotation periods thiamutgh
the B — V) color range of (0.5 - 1.4).

With the optimum period shifts we are in the position to in
vestigate the functional dependence of the shift on clieger
An inspection of this plot (see Figl 5) by eye clearly showat th
a simple linear correlation should yield a fairly accuragsdtip-
tion of the functional dependence (at least at the curregtest note that the error formula was derived by assuming a uniform
with eight data points at hand). The linear regression githeé isochrone age error as given by the standard deviation ditthe
following expression and formal error estimate We emphasize that this equation was derived by using the

isochroneages of the calibrating clusters. Therefore, we expect
this formulato yield a fair approximation of the isochromge af

Fig.5. Linear regression of the optimum period shift param-
eters to the cluster isochrone ages (see TdHles 1[@nd 2 and
Eq. (5)). Exceptfor NGC 6811, the estimated errors (botler
isochrone ages and for the period shifts) are smaller ohnefr

the size of the dots. The standard deviation of the fit1$@yr.

AGEgyro = ao + a1AP any (rotationally settled) target within the calibratingrameter
04 (AGEgyro) = Ki1+ Kao(AP)? + afo?(AP) + 2K1,AP range and hopt_afully beyond. _
AP = pfducial _ p Itis interesting to compare the derived star-by-star (ages
oot rot for each cluster with theirisochrone ages. The result sf¢him-
a = 0620 ap = -0.138 parison is shown in Fifl]6. Although there are clusters, (487,
K11 = 0.004682K,, = 0.000734 M45, NGC 6811) with some observable trend in the run of the
Ky, = —0.000978 (5) individual gyro-ages, the overall fit is satisfactory. Thigure

The fiducial periodPfiducial

also highlights the relatively large errors we may expecémwh

can be easily evaluated for any stathe gyrochronological method is employed on individuad&ds

given its dereddened color and using Eq. (3). This means tlfaten if there was a way to ascertain that they are in theiootat
Eq. (5) is directly applicable to the estimation of the gyramo-
logical age of any star with known color and rotation perid&. same plot by using the gyro-age formula of Angus et al. (2015)

ally settled state). For comparison, in Appendix B we shos th
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of Prot(fiducial)— Pt and compare it with the gyro-age estimate

- T T R Aanas of Eq. (5). In the data preparation we excluded objects vath r
T 1 M35 1t M3ATEMST W e - % tational velocities lower than.D kms™ and also those that did
() . '3- R not pass our criterion of isochrone fitting (see Sect. 3.Balfy,

§ 05 1r we had a sample with 934 stars from the original sample of 1039
% stars of Valenti & Fisher (2005). We also note that for demon-
0 strative purpose we trimmed the period shifte plotting area

_ AR T s H'yade's "1 a1 to 'Fhe space of interest, thereby exclud!ng some smallifnacf
o h— 1F 1F . »1¢f 1 objects. This does notf@ct our conclusion in any way because
e | . .t et on the one hand, these objects have extreme parameter values
g *°f NGCes1l] CLRPE | S 1 1 that are largely irrelevant for thefect we investigate, and on
< ok R | 52~ ome | SR | sl the other hand, their observable and derived parameteays (e.
07 11 15 07 11 15 07 11 15 07 11 15 age, rotation period) are also generally inaccurate.
Vo &Vo Vo Vo In Fig.[@ we plot the isochrone ages given by Valenti &

Fig. 6. Predicted individual gyro-ages (dots) by using Egs. (3)isher (2005) as a function of the rotational period shifir F

and (5) and the adopted isochrone cluster ages of [ableek)lin réference, we also overplot the corresponding clusteregalu
Clearly, there is a striking ffierence between the isochrone and

gyro-ages. Nearly all isochrone ages are greater than ttee gy
Their formulais based on the functional form of period anlbco ages. If we focus only on the more densely populated parteof th
dependence of Barnés (2003). Because of the multiplicative plot, we see that the overallfiérence is 2 Gyr. Unfortunately,
ture of the age-period dependence, we see larger systerastic the region below 1 Gyr (where the calibration was perfornied)
ations in the estimated ages than in the case of the addiive chther sparsely populated. Nevertheless, it seems thatrettas
pendence. regime the isochrone ages carry the same property as in the no
calibrated (older age) regime. We note that correcting plee-s
troscopic rotation velocities for the overall aspeffeet (e.g.,
Nielsen et al[2013) exacerbates the situation becausadsle

Although the gyro-age formula derived in Sect. 2 is expectd@ higher rotational velocities, shorter periods, andefene to

to have a limited applicability, it is important to see hovod €VEN younger gyro-ages. Furthermore, possible systeiiatic

this limit is. As mentioned, we cannot investigate whetther t in the rotation velocities might occur at low-rotation tehen
stars to be tested are in the rotationally settled states, Hyi the rotational broadening is similar to other broadenifigats
itself, introduces a great deal of uncertainty. The isonbrages (€.9., stellar macroturbulence). However, these starstloon-

are also erroneous, sometimes so excessively (e.g., fodKvan tribute in an important way to the discrepancy above, sinceem
dwarfs) that individual ages rarely have any value. Newdetss, than half of the sample hassini > 2 k. )

such a test (if employed on affiiently large sample) may tell ~ The case of the Sun is special because we know both its age
us something about the applicability of the gyro-age metmati and its rotation period, together with other physical paears.

may also shed light on the evolution of the rotation of vasioulaking the equatorial rotation period, we derive that theege
stellar populations. of the Sunis 374+0.65 Gyr. Again, the gyro-age is®Gyr short

relative to the accurately known age 0645yr (which happens
) ] to be close to the actually computed isochrone age Gyr,
3.1. Bright field stars and the Sun based on the Yonsei-Yale models discussed in Sect. 3.3.)

Valenti & Fisher [2005) published accurate spectroscopic p. To s_how that thls age dlscrepar)cy is not unlqueforthe addi-

rameters (includingviSini values) for over one thousandtVe Period-age scaling introduced in this paper, we applied two

nearby bright, mostly main-sequence F—K stars. We adop@gerent perioe-color—age calibrations on the above dataset.

their isochrone ages (based on the Yonsei-Yale stellauggal The result_ (presen_ted in Appendix B) clearly shows that ise d

models of Demarque et al. 2004) and used their mass and grei#zPancy IS generic.

ity values to compute the stellar radii. From these and the ro

tation velocities, we estimated the rotation periods (iaygl): 3.2, Transiting extrasolar planet host stars

Prot = 50.6R/(VotSini), where the stellar radiuR is in solar

units and the rotation velocityy sini is in [kms™]. From the The host stars of extrasolar planets are usually very destptiy

effective temperature, gravity, and metallicity given by Vaie ied objects because it is important to accurately deterrfiae

& Fisher [2005), we can estimat® - V), with the aid of the Stellar parameters to derive the planet parameters. Irtiawidif

formula of Sekiguchi & Fukugitd (2000) the planet is also transiting planet, the average stellasitleis
rather tightly constrained by the basic orbital paramedéitbe
planet (Seager & Mallen-Ornelas 2003; Sozzetti et al. P08

3. Tests on independent datasets

(B-V) = —8133175+ 6844585 logT e a result, these stars are very useful targets for testingyhe
—~ 189923(logTer)? + 17.40875(IodT &) age method.
( ?_fff) 02209 H(Z Glen) We compiled the relevant physical parameters of 147 bright
+ 1.2136[F€/H] +0. Fe/H] transiting planet host stars from the literature. All ofgbesys-
— 0.294[Fe/H]log Ter — 1.166 logg tems have been discovered by ground-based surveys. All ages
+ 0.3125logylog Tes . (6) used are stellar model (isochrone) ages, and they have leeen d

rived mainly from the Yonsei-Yale models. Unfortunatelyet
With these parameters we can evaluate the gyro-age for tach tation periods are still based on the spectroscagisini val-
and compare it with the corresponding isochrone age. In a siges, since there are rather few host stars with reliabletiteo-
ilar representation we can plot the isochrone age as a imcttometric rotation periods.
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Fig. 7. Period shift vs. evolutionary (i.e., isochrone) ages fer thFig. 8. As in Fig.[1, but for the sample of hot-Jupiter host stars,

field star sample of Valenti & Fishefr (2005) (blue dots) and faliscovered by ground-based surveys.

the eight open cluster ridges as presented in this papeye(lar

colored dots). The linear regression to the cluster dathde/s

by the black line. jects A negligible fraction (5%) of this sample contains proba-

ble eclipsing binaries, blends, orfBers from other ambiguities.
Employing these KOI targets in our tests has the advantage

of using photometric rotation periods instead of spectvpac

Qnes, thereby substantially decreasing the additionalkcsoof

Unfortunately, some stars, otherwise possessing actyidee Satter due to the aspect angle dependgnce. However, there i

’ ’ also a drawback of using these data. Since the Kepler targets

termined stellar parameters, had to be omitt_ed becauseeif ﬂ?j\re numerous and have considerably lower apparent briggtne
extreme parameters. For instance, WASP-33 s arare A-tygte "iheir basic spectroscopic and photometric parameterssaily

star, with a high rotation rate of 9(.) kn’i}s yielding aProt \_/alue -less accurate than those of the individually studied bridgmet
of 0.79 days. The isochrone age is fairly well constrained wi st stars

an upper limit of 04+ 0.3 Gyr (Collier Cameron et & 2010 Since the published data do not contain evolutionary (or

Kovacs et al. 2013). Although the fast rotation is consomath . . . ;
its young age, we cannot verify this with our gyro-age formulany) age information, we computed isochrone ages according

because the target is outside its validity. For similar oeasve to the Yonsei-Yale models (Demarque et(E)Wth the

. : . . v aid of their interpolation routine and additional fine-giit
excluded five stars. As in the test of the Valenti & Fisher @00, 00" 0" bichad a dense isochrone arid forsola
dataset, we also focus on a limited area of the period-siuife P ' 9

space (and again, only a small fraction of objects were eterl scaled models without element enhancement. The metallic-
pe gain, only . ) Y ity and age grids are uniform and cover the following values:
which does not alter our conclusion).

Zi = 0.001+ (i — 1)0.0005;i = 1,2,...,80} and {logt; =
Although the.data. are sparser than for the Ia_rge nearby %0 + (j — 1)0.02;j = 1,2,..,107). Each of the downloaded
survey of Valenti & Fisher (2005), theameeffect is still well  jsochrone contains 140 (Idgs, logg) mesh points that we fur-
y|3|b|e: the highly S|gnn_‘|car_1t excess of stars dated oldeth® {er increased by linear interpolation +0560, leading to suf-
isochrone age determination. With the overall more aceurgiciently dense sampling in all parameters to be matchedeo th
isochrone ages for these bright, well-studied stars, teerél- gpectroscopic data. The solar heavy element abundandesfe t
ancy between the two types of age determination ifire®d.  models is equal t0.018. We minimized the following metric to
Similarly to the test presented on the Valenti & Fisher (2005elect the best matching models
dataset in Sect. 3.1, here we refer to Appendix B, where we
compare our gyro-ages with those recently derived by Maxt&# = w(A log Tez)? + (1 — W)(Alogg)? , (7
et al. [2015) on a sample of limited-number extrasolar htagss
with measured rotation periods. In spite of our vejatent ap- where A stands for the dierence between the grid point and
proach, the two types of gyro-ages correlate very well, stupp the observed values. The weighitwas chosen to be/6 and
ing their conclusion on the shorter gyro-ages for their ptdrost  takes into consideration the smaller rangdogfTer values en-
sample. tering the matching procedure. For the observed valuesdall
within the region spanned by the isochrones, we derivedhmatc
. . ) ing distance® lower than 0002, usually close t0.001 or lower
3.3. Rotational variables from the Kepler field (indicating that we have a fiiciently densely interpolated set of
models). We obtained a rough estimate on the error of theyage b

A large sample of rotational variables have recently beentid d L .
fied by McQuillan, Mazeh & Aigrain (2014) through analyzing > P~ "9 the standard deviation of all model values satigf

the photometric database of the Kepler satellite. Thisutes 2 \ye attempted to also use the large sample of McQuillan, M&zeh
a” pOSSIb|e I‘Otatlonal Vanables n the Kepler f|e|d. In mler Aigrain m)’ but found that the errors in |ggvere (o) |arge (often an
publication, McQuillan, Mazeh & Aigrain (2013) investigat order of magnitude larger than for the field hot-Jupiter Iststs) that a
only those targets that were labeled as Kepler objects efést reasonable isochrone age determination was meaningless.

(KOI). Here we focus on this smaller sample, containing 780 0 2 httpy/www.astro.yale.eddemarqugyyiso.html
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comparison with the lo@e; — logg isochrone plot shows that
— 0085 nearly all of these objects a@utsidethe regime covered by

10 T {' I error bars: | 1 the isochrones for the given metallicity. More specificaiheir
. o2xsigma | [ 1°®  spectroscopic gravity is higher than expected from the nsode
—_ '} I . If we discard these objects, the trend toward greater iswehr
5\ . . ages is again clear.
—_ % F 4 0.02
S 5pF °e L §§ ¢ # ] .
OE : g'} L 4 . - {cos 4. Conclusions
f,:” * 2 o ¢ 1 0o The purpose of this paper was threefold: i) examine the va-
) lidity of the Skumanich-type scaling between the stellaafo
ols® % ¢ Wil & ¢ . 1] °™  tion period, color, and age through a comprehensive arsalysi
s - s - il | 0 of the available observations on open clusters; ii) compage
-15 -10 -5 0 5 ages based on the revised scaling with the stellar evolution
P\t (fiducial) - P o, [day] ary (isochrone) ages for various samples of stars; andifiii)

the result of test (i) is positive (i.e., no major discrepgris
. N . found), recalibrate the gyro-age formula to accommodate th
Fig. 9.As in Fig [1, but for the KOI sample of McQuillan, I\/I""Zehglder ages and fierent evolutionary histories of these samples

& Aigrain (2013). The evolutionary ages were computed Withnj therehy make the age determination based on stelléiprota
the aid of the Yonsei-Yale isochrones. The high-density-hog, 5 e widely applicable.

zontal set of points at low isochrone ages dominantly censti |, test (i) we compiled the data from eight open clusters and

tutes stars with observed stellar parameters outsidedbbrisne ¢oarched for a simple transformation that generates artigt

regime. The color coding is scaled by the best isochronelmatgo, petween the color and rotation period for the full saanpis

ing distance (Eq. (7)) and shows that most of these low-lying,s hreviously been indicated but left untreated in someroth

stars do not match the isochrones. publications — for example, Cargile et &I._2014, by using the
Skumanich-type multiplicative period transformatiore theri-

the D < 0.04 criterion. This rather high cufiofor D is set for ©0dS are stretched too much at the long-period side (i.eartbw

the broad agreement of our error estimates with those foundQWer mass stars), leading to a rather fuzzy cefmriod plot

the literature. In computing(age), the standard deviation of theVhen all data are combined. If we instead use a simple addi-

ages satisfying the condition posed Bywe weighted the vari- 1Ve scaling (i.e., we shift the periods by cluster-depenadgpti-

ous age values by the inverse of the square of the corresrpg)nd[‘al constants),_ then the individqal clugter ridges aligal much
distances tighter way. This enabled us to investigate the relationvbeh

cluster ages and period shifts on a more solid statisticsisba
n The relation between these two quantities was also faiglyti
o?(age)= Z w(age — (age)” , (8) which together with the derived fiducial ridge (expressimgre-
k=1 lation between the color and period for rotationally seltthear
main-sequence F-K dwarfs at a given age) enabled us to give
wherewy = (1/Df)/ %L, 1/D? andn is the total number of grid age estimates for other stars based on their rotation esiod
points satisfying th® < 0.04 criterion, andDj is the distance colors (see Egs. (3) and (5)).
D (see Eq. (7)) of the j-th grid point from the target valueseTh  Itis not the purpose of this paper to discuss the possible the
average agéage was computed in a similar mann€ege = oretical consequences of the better fitting additive peramk
Yr-1 Wiage. (We note that in the tests we used the best-fittingcaling. Here we only note three aspects that should bed:onsi
model value as our age estimate rather than this average.) kered in constructing a revised model of stellar angular meme
comparison with the ages found in the literature on the samplm dissipation. First, the rotational evolution of stamsopen
of hot-Jupiter host stars (Sect. 3.2), we found that exaapaf clusters might dfer from those in the field due to the substan-
few outliers at young or old ages and for some 20% of stars witlally different stellar environment and the low density of in-
deviations (b—15 Gyr, this simple fitting method yields ageserstellar matter. Second, the rate of angular momentus los
that agree well with the published values witkif.5 Gyr. (See is a strong function of the assumed structure of magnetig fiel
also Appendix B for an example of this compatibility on a Smaband other physical details (e.g., core-envelope couplimag-
size of sample of hot Jupiters compiled by Maxted €ef al. 2015netic field strength vs. rotation, etc.) For example, Reaingr
For the 762 stars of McQuillan, Mazeh & Aigrain (2013) weMohanty [2012) derived a rotation-rate dependence %t in
used the spectroscopic and photometric parameters recentl the non-saturated regime foiML, stars merely by adopting a
vised by Huber et al[{2014). To discard suspected items wilifferent physical meaning of the magnetic flux — rotation rate
excessive errors, we performed a fairly generous paramaeter relation. Third, both the sample size and the age range af ope
by requiring both the [F#] and the log errors to be smaller clusters available currently for gyro-age studies are kiedre-
than Q2. This filtering led to a sample of 207 stars that was fufere the true agerotational period relation might be more in-
ther decreased to 204 by satisfying the conditio@af 0.04. volved than the one derived here. (We sampled only a small par
The resulting periodage plot is shown in Fig.]9. The plot isof an unknown function that was incidentally best approxeda
very similar to the earlier ones, showing the significaniiyeo by a linear relation in this restricted parameter space.)
ages obtained from the isochrone fits. In addition to thisegain Test (ii) resulted in a negative conclusion for all three
feature, we also recognize a relatively large number of goudatasets (field stars, host stars of transiting hot Jupiterd
(looking) objects with nearly the same age df-003 Gyr. Asthe Kepler planetary candidate stars). The bulk ofifeehrone ages
side bar shows, most of these objects have rather low isnehris 1.5-2.0 Gyr greaterthan the predicted gyro-ages, with a large
matching accuracy (i.e., they have highvalues). Indeed, a scatter to even largerfiigrences. Only a small fraction of stars
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show younger isochrone ages in all three samples. Itis itapbdr Canto Martins, B. L., Lébre, A., Palacios, A., et al., 20A&A, 527, 94

to recall that the ages of the open clusters — which the gges-a Cargile, P. A, James D. J., & Platais I., 2009, AJ, 137, 3230

have been calibrated to — are also basedsochrone age®s- Caigz:g* P james B ‘%gﬂesefj o %Olgdap\k7§%_2111
sentially on thesameevolutionary stellar models, as those use ﬁfp"r{, W, J. Sasis,'s.,' H'I'Jber")%” ot al.fiébl4, A’pJg 210, 1

in the test samples. Although the age overlap between th figbllier Cameron, A., Guenther, E., Smalley, B., et al., 20BIRAS, 407, 507
stars and open cluster stars is not too extensive, it seeas telorme, P., Collier Cameron, A., Hebb, L., etal., 2011, MAN&2 413, 2218
the above dference is characteristic for all ages, also includirgemaraue, P., Woo, J-H, Kim, Y-C, & Yi, S. K., 2004, ApJS, 1667

: : erman, S. & McClure, D. E., 1987, Bull. Internat. Stat. Inktl-4, 5
the younger age range of the calibrating clusters. Thezefbe Hartman, J. D., Gaudi, B. .. Holman, M. J., et al.. 2008, &%, 1233

discrepancy does not seem to be the result of a poor extrapgman, J. D., Gaudi, B, S., Pinsonneault, M. H., et al. 22@(pJ, 691, 342
lation of the age relation derived from open clusters. Alifjo Hartman, J. D., Bakos GA., Kovacs G., & Noyes R. W., 2010, MNRAS, 408,
the topology of the isochrones may introduce some bias thwar b475D Siva AV, Matth i L 2014, AbI122

H i li H uber, D., Silva, A. V., Matthews, J. M., et al., , Ap
older ages, thlsféct is likely to be small, based on the survwa?ane& K. Barmes, S. A, Meibom. 5. & Hoq. S.. 2013, AJ, 745,
of the age discrepancy for stars with accurate isochrons a@€iai 3°'s. Ventura, P.. Richer, H. B., et al.. 2001, AZ2 13239

(e.g., Sun, KELT-2A — see Beatty etlal. 2012). Apparently)-nokalirai, J. S., Fahiman, G. G., Richer, H. B., & Ventura, P03, AJ, 126, 1402
cluster field stars havagnificantly lower slow-down ratedfan Kawaler, S. D., 1988, ApJ, 333, 236
their cluster counterparts. Kovécs, G., Kovacs, T., Hartman, J. D., et al., 2013, A&B3544

This study supports the conclusions of other current WOF@;’;‘C;’ (Fs).,lgg;tm:;j Jl'st'ngfos’ &, etal., 2014, MNRAS, 442, 2081

investigating the performance of the gyro-age method oR Vafamajek, E. E. & Hillenbrand, L. A., 2008, ApJ, 687, 1264
ious stellar populations. From the study of bright planesthomaxted, P. F. L., Serenelli, A. M., & Southworth, J., 2015, AR577, 90
stars, Maxted, Serenelli, & Southworth (2015) reached énees McQuillan, A., Mazeh, T, & Aigrain, S., 2013, ApJ, 775, L11

conclusion as we did, in spite of their quitefférent gyro-age MoQuillan, A., Mazeh, T., & Aigrain S., 2014, ApJS, 211, 24
. . Meibom, S., Mathieu, R. D., & Stassun K. G., 2009, ApJ, 699 67
method. Earlier, Brown[(2014) also found hints of the youngcinom's. Barmes. S. A. Latham. D. W.. et al. 2011a AB3, 79

gyro-ages of extrasolar planet host stars. Based on a M@mte C Meibom, S., Mathieu, R. D., Stassun K. G., Liebesny P. & Saaf.S2011b,
study of a large sample of Kepler asteroseismic targets atad d ~ ApJ, 733, 115

from two open clusters, Angus et dl. (2015) also questiohed ﬁhvl'leetlgz';eh} s"(c;:irze:r:/eg' %C Ir_{d rﬁ((;?aﬂ, G&-' }f;%': ZggféAAﬁgfv 5577 110
overall re“abll!ty of the current gyro-age es_t|mat|ons. Perrym:’an, M. A C, BYI’OV,Vﬂ, A G. A Lébreton, Yt et al.,’ 1998Y?¢A, 3Y31, 81
In these circumstances, we were obviously unable t0 PWainers, A. & Mohanty, S., 2012, ApJ, 746, 43

sue task (iii). A more reliable extension of the gyro-agehmodt Schatzman, E., 1962, Annales d'Astrophysique, 25, 18

to non-cluster stars should probably wait until the sourfcthe Seager, S., Mallén-Ormelas, G., 2003, ApJ, 585, 1038

discrepancy between the current gyro- and isochrone aghs ofgsk'guch" M., & Fukugita, M., 2000, AJ, 120, 1072

. X . umanich, A., 1972, ApJ, 171, 565

field and cluster stars is understood and a physically aabpt g,ei, A., Torres, G., Charbonneau, D. et al., 2007, 864, 1190
solution is found. Finally, we note that our conclusion iSé&® stassun, K. G., van den Berg M., Mathieu R. D., & Verbunt FQ2M&A, 382,
on isochrone ages derived from non-rotating stellar eiaiut 899

ary models. Brandt & Huand (20115) recently showed that witfvlor, B. J., 1980, AJ, 85, 242

rotating mo_dels the age of the Hyades and Praesepe cluster elf];’i,BJ'_ ?&f,zg?g?s'rg'éﬁ,zgggs, ApJS, 159, 141

come considerably older (from the generally accepted valueeiss, A. & Schlattl, H., 2008, Ap&SS, 316, 99

630670 Myr — which we also used here —t0800 Myr). An  Yang, S., Shen, H., Meng, J. & Chen, Z., 2014, Journ. of Comip.Sys. Vol.
extension of the evolutionary models in this direction nhigit- 10, No. 17, 7489

igate some part of the discrepancy we highlighted here. Zacharias, N., Finch, C. T. Girard, T. M. etal., 2013, AJ, 146
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ration of the paper. Critical (but constructive) commenyghe anonymous ref- merged data of Praesepe (M44) and the Hyades, we fitted poly-
eree were instrumental in the final shaping of the paper. fitidication makes nomials of various order and checked the fit both by visual
use of the SIMBAD database and the VizieR catalogue accessofperated at d b istical Wi itted th bvi i h
CDS, Strasbourg, France. This research was made posgiblggththe use of an y statistical means. _e omitted the obvious outlieas t
the AAVSO Photometric All-Sky Survey (APASS), funded by Rebert Martin -~ are mostly due to the rotationally unsettled lower tempeeat
Ayers Sciences Fund. stars in the Hyades (we note that all outliers are well dejined
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fitted by least squares of equal weights. Fidure] A.1 shows the
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Fig. A.1. Polynomial order vs. unbiased estimate of the standdfdy. A.3. Result of the best-fit period shift of the rotation peri-
deviation of the residuals of the fit for the fiducial ridgeifi¢ ods of M35 (gray dots) to the fiducial ridge (red dots) by using
(see Fig[AR). For reference, the horizontal line showsh® tthe GM kernel (German & McClurie 1987). The fiducial ridge is
standard deviation at order four. sampled at the sam8 ¢ V), values as the data.

Appendix B: Comparison with other studies

First we calculated the individual rotational ages of thestgr
sample used in this paper by employing the gyro-age formula
of Angus et al.[(2015). Their Eq. (15) has the standard form as
introduced by Barne§(2003), but the parameters are detedmi
by using 310 astroseismic targets from the survey of the é¢epl
satellite and some additional stars from the field and fromeso
open clusters. We plot the individual gyro-ages for the &igjis-
ters in Fig[B.1. In comparison with Fifl 6, using our additiv
age-period-color relation, the ages corresponding tottrs as-
sociated with the ridges of type ‘I’ have stronger systeonri-
Fig. A.2. Fourth-order polynomial fit to the combined data oftions than those derived from our additive formula (seg., e.
M44 (Praesepe, gray points) and the Hyades (black pointg). Tthe plot for M37). This is theféect of multiplicative period—age
fit (red dots) is sampled at the san-{ V), values as the data. scaling, as discussed in Sect. 2.
All data are p|0tted, inCIUding the 13 outliers mentionedha In the rest Of th|s appendix we ShOW that the Significant|y
text. younger rotational ages derived for the field stars from ewln
calibrated additive formula is not specific to this format is
a general property of all currently used gyro-age calibreti
n ) . In the lower panel of Fid, Bl2 we plot the evolutionary ages
RS& = Z(Prot(') = (i) - (A1) asgivenin the spectroscopic survey of 1039 field stars bynal
i=1 & Fisher [2005) vs. the rotational ages derived from one ef th
most frequently used gyro-age formula of Barnes (2007, his
Heren is the number of data point$pi(i)} is the fitted poly- Eq. (1)). For comparison, in the upper panel of the same fig-
nomial of orderk, and j; and j, are the order tested. In ourure we show the plot derived from the additive gyro-age fdemu
case,j2 = j1 + 1, SOR(j1, j2) follows a Fisher distribution presented in this paper. In both cases we use a subsampke of th
of F(1,n - jo). We assessed the significance of the changgll survey as described in Sect. 3.1.
in R(j1, j2) in terms of the theoretical standard deviation of Ajthough diferent in details, the two plots are topologically
F(1,n - j2). This yields some & significance at each step forcjosely similar, indicating in both cases a significant esecef
the change ifR(j1, j2) as we go from the second- to the fourthy|d evolutionary ages. The high density of points in the [G§r
order fits. After this, the significance decreases v~ with an  regime suggests an overalfigirence of 1-2 Gyr. From the color-
increase at order eight and then the solution becomes U@stagoded radius distribution it is also clear thatfeliences much
as mentioned. higher than the quoted value exist for stars with lower ra@lji
The fourth-order polynomial fitted to the merged data Qf-;npeating the iso-gyro age comparison for other empiriged-g
M44 and the Hyades is shown in FI[g._A.2. The regression page formulae — that is, those of Mamajek & Hillenbrand (2008)
rameters and their statistical errors are given byq. 3. (their Egs. (12)—(14) with the parameters given in theirl@ab
This fiducial polynomial was used in Sect. 2.2 to deriv€l0)) and Angus et al. {2015) (their Eq. (15)) — a similar danc
the relative period shifts of the ‘I' sequences of the indilal sion can be drawn on the topology of the gyro- vs. evolutipnar
clusters. The best-fit shifts were determined by using adternage relation. Interestingly, these two works yield veryiEm
weighted least-squares method to consider outliers (himi- parameters for the Barnes-type gyro-age relation, in gpitee
mizing the dfect of stars not associated with the ‘I' sequenceyery different input data and methods of analysis, and the con-
The kernel proposed by German & McClure (1087) has provetusion of the authors in the second paper about the limited a
to be an excellent way of localizing the ridge in each clusts plicability of the formulae presented for the full poputatiof
show an example for the robustness of the fit in Eig] A.3. the dataset used in the calibration.

Prot [d]

(B-V)o
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Fig. B.1.Predicted individual gyro-ages (dots) by using the for-
mula of Angus et al. (2015) and the adopted isochrone cluster
ages of TablEl1 (lines).

Yet another approach for estimating gyro-ages comes from
the analytical model of Barnes (2010, see also Barnes &
Kim 2010). Maxted et al[(2015) employed this model to andrig. B.2. Rotational ages vs. stellar evolution ages computed us-
lyze 28 well-established extrasolar planet host stars miéfa- ing the additive gyro-age formula Eq. (5) derived in this pa-
sured photometric rotation periods. We employed this samgler (upper panel) and the popular multiplicative formula of
with the stellar parameters used in their paper to compute @arnes [(2007) (lower panel). The thick continuous lines-ind
age estimates. The plots in Fig.B.3 show the excellent errecate the identical values of the rotational and evolutigrages.
tions between the ages of Maxted et al. (2015) and those pvée use the spectroscopic data of Valenti & Fisher (2005). The
sented herB.This good agreement is rather surprising for theolor coding is for the stellar radius as indicated by the sidr
gyro-ages, since our ages are basically empirical (withirthe (scaled in solar units).
termediation of the cluster ages determined by the stellar e
lutionary isochrone fits), whereas their ages are more viebl
through various model approximations and initial condisio
For the evolutionary ages there is a uniform shift - Gyr
in the sense that the ages computed by Maxted €t al. (2015) are
older than ours. This tendency of therstec models of Weiss &
Schlattl [2008) used by Maxted et al. (2015) was also noted by
Metcalfe et al.[(2014). Chaplin et al. (2014) attributed thifset
to the diferent treatment of convective core overshooting in the
GARSTEC models.

AgeM™ [Gyr]

4 We note, however, that 55 Cnc is not plotted in this graph.gme-
ages derived for this objectfiér considerably (80 + 3.54 for Maxted Fig. B.3. Comparison of the evolutionary ages (upper panel) and
et al[2015 and 42+ 1.49 for our formula). Although the éfierence is the rotational ages (lower panel) for the extrasolar pldnost
within the error limit, the discrepancy between the two t/pégyro- stars of Maxted et. al (2015) with those derived in this pajser
ages indicates that they show verfeirent behavior for long rotational jng the Yonsei-Yale isochrones of Demarque efal. (2004}aed
periods. For example, HATS-2 has very similar stellar pat@ns to  5qditive gyro-age formula Eq. (5) of this paper. The cortimsi

those of 55 Cnc, but a far shorter rotational period.984- 0.04 vs. ;. 1 ; : . )
390 + 9.0 days). Their gyro-ages agree fairly closelyl(B: 0.30 and line indicates the identical values for the quantities espond

2.76+0.46 for Maxted et al.2015 and this paper, respectively). ke d ing to the labels. We note that the panels hadednt ranges.
crepancy for 55 Cnc might disappear in the future, once ttimate of

its rotation period becomes more accurate with a presuniédeshard

shorter periods.
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