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ABSTRACT

Context. Classical Cepheids are among the most important variadteygtes due to their nature as standard candles and havg a lon
history of modeling in terms of stellar evolution. Th&ezts of rotation on Cepheids have not yet been discussedail oethe
literature, although some qualitative trends have alrdmiyn mentioned.

Aims. We aim to improve the understanding of Cepheids from an &eolary perspective and establish the role of rotation & th
Cepheid paradigm. In particular, we are interested in therifution of rotation to the problem of Cepheid masses, exglore
testablepredictions of quantities that can be confronted with olrtéons.

Methods. Recently developed evolutionary models including a homegas and self-consistent treatment of axial rotationtadied

in detail during the crossings of the classical instabgttyp (IS). The dependence of a suite of parameters onlinitiation is studied.
These parameters include mass, luminosity, temperati@tiyles, equatorial velocity, surface abundances, ated i&f period change.
Results. Several key results are obtained: i) mass-luminosity (Mdlations depend on rotation, particularly during the dhep
phase; i) luminosity increases between crossings of théd&hice, Cepheid M-L relations at fixed initial rotation ralepend on
crossing number (the faster the rotation, the larger therasity difference between crossings); ihip Cepheid mass discrepancy
problem vanishesvhen rotation and crossing number are taken into accouttiputi a need for high core overshooting values or
enhanced mass loss; iv) rotation creates dispersion arauerhige parameters predicted at fixed mass and metallitity.is of
particular importance for the period-luminosity-relatjdor which rotation is a source of intrinsic dispersiongmhanced surface
abundances do not unambiguously distinguish Cepheidspgrmi the Hertzsprung gap from ones on blue loops (aftergired
up), since rotational mixing can lead to significantly entexthMain Sequence (MS) abundances; vi) rotating modelsqbrgibater
Cepheid ages than non-rotating models due to longer M$nhiéest

Conclusions. Rotation has a significant evolutionary impact on classisgheids and should no longer be neglected in their study.
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Q 1. Introduction recent literature are augmented convective core oversigpot
qp) , , ) , (Prada Moroni et al. 2012) and pulsation-enhanced mass-los
Classical Cepheids are objects of interest for many areas-of (Nejlson & Lestef 2008). However, théfect of rotation on evo-
trophysics. On the one hand, they are excellent standadlesan), tionary Cepheid masses has not been discussed in detail al

allowing the determlr)atlon of distances in the Milky Way a”fﬁoughthe impact of rotation on the mass-luminosity anébper

. - Up o Virgo cluster distances. On the other hand, they are gXminosity relations have already been mentioned prelyans

—> cellent objects for constraining stellar evolutionary reisdAc- e Jiterature (sée Maeder & Meyhet 2000, 2001).

'>2 cordingly, Cepheids have played a special role among podsat _ _ - .

. (variable) stars and have a long history of modeliffgrts both The first large grid of models incorporating a homogeneous

(G in terms of their evolution and pulsations (5ee Bono 8t al30 and consistent treatment of axial rotation was recentlgeured
and references therein). by [Ekstrom et al. (2012, from hereon: paperl). Subsequently

Following the development of pulsation models in the lafg€0ray etal..(2013, from hereon: paperl) extended theigrid
1960's (Stobié 196%a[b,c), systematidieliences between pul-{€Ms of rotation for stars betweervland 15V,. Using these
sational and evolutionary masses of Cepheids became appafiate-of-the-art grids itis now possible, for the first tjrieecon-
These diferences were originally referred to as Cepheid masiler the éect of rotation on populations of classical Cepheids.
anomalies|(Cox 1980). Improved opacities_(lglesias & Reger Cepheid progenitors are B-type stars on the Main Sequence
1991; Seaton et &l. 1994) could mitigate a good fraction ef tiiMS). Observationally, B-type stars are known for theit fasa-
disaccord in terms of masses. Nowadays, it is common to sp&ak since the first homogeneous study of rotational veleivy
of the mass discrepan@s the systematicfiset between evo- [Slettebakl(1949). Thus, it is empirically known that fagatmn
lutionary masses and those derived with other methods (dsgcommon for the progenitors of Cepheids. Huang et al. (010
Bono et al. 2006; Keller 2008), with a typical disagreement have recently carried out a very detailed investigationaé+
the level of 10- 20%. tional velocities for B-stars of dierent masses and evolutionary
Several mechanisms have been put forward to resolve iates (on the MS), providing even an empirical distribuid

mass discrepancy problem. Among the most prominent in tietation rates. Their distribution can serve as a guidétneur
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study in the sense that the typical MS rotation rates of Bssta

the mass range appropriate for Cepheids ¢ 9 M) is approx-
imately v/vgir = 0.3 — 0.4, wherevg,; denotes critical rotation
velocity. As shown in papers|&]1l, such fast rotation carnrsig 4.0
icantly alter the evolutionary path of stars by introducauyli-

tional mixing dfects that impact MS lifetime, stellar core size,
age, and MS surface abundances. Clearly, thiésete will prop-

agate into the advanced stages of evolution, such as thee@eph
stage. —~ 35

The blue loop phase of intermediate-mass evolved stars du(ra—
ing core helium burning is very sensitive to the input physicy
(see the “magnifying glass” metaphot in Kippenhahn & Weligeiz
1994, p. 305). Thus, there is a two-fold interest in studythngy < 3.0
models presented in papers| &1l in terms of their prediction
for Cepheids: i) properties of Cepheids inferred using nwde
(e.g. mass) can be updated to account for rotation; ii) icerta
predictions made by the models can be tested immediataig usi
observational data (e.g. surface abundances). 25

This paper is the first in a series devoted to the endeavor of
extending the evolutionary paradigm of Cepheids to inchivge I
effects of rotation. We here focus mainly on the detailed explo- R H ‘
ration of predictions made by the models as well as theirinte 44 42 4.0 38 3.6
pretation. A detailed comparison of these predictions geoked log(Teg [K])
features is in progress and will be presented in a futureigaibl Fig. 1. comparison of Geneva stellar evolutionary tracks (bladidso
tion for the sake of brevity. Further projects will includeetin-  Jines : non-rotating; black dotted lines/ve; = 0.4) with Padova tracks
vestigation of the combinedtect of metallicity and rotation as (Bertelli et al.[ 2008, cyan solid lines), and tracks [by Clemeet al.
well as a self-consistent determination of pulsation myiand (1992, red solid lines) antl_Lagarde et al. (2012, green Satiels
instability strip boundaries. = non-rotating; green dotted lines v/vgi = 0.3). The instability

. . ._&trips by Bono et al. (2000b, wedge-shaped dark blue sai&k)iand
The structure of this paper is as follows. In Sgc. 2, we brle?%’ammann et all (2003, gray shaded area) are also included.

state a few key aspects of the models presented in papers|&Ti

relevant in the context of this work. S&¢. 3 contains the igred

tions made by the rotating Cepheid models, focusing on thgrametéin the outer convective envelope may indirectly cre-

mass discrepancy and features that are accessible to absef 3 similar &ect.

tions. Sed. ¥ discusses the reliability and implicationthefpre- During the MS, intermediate-mass models & 7 Ms) are

dictions made, and Seéd. 5 summarizes the key aspects. evolved without mass loss, 9 to M2, models are evolved with
thelde Jager et al. (1988) mass-loss rates, and the morevmassi
models with the mass-loss recipe from Vink et al. (2001). The

o ) ) ) radiative mass-loss rates used in the RSG and Cepheidssphase
2. Description and comparison of input physics are from Reimers (1975, 1977) with a facipe 0.5 for Mj,; <
. . . - .0M = 0.6 for Mj,i = 7.0M,. For M,y > 9.0M
The input physics of the stellar models are explained |n|Uet%g ugeat?]gZecipoe?‘ro?; del.?l\]aqergt =~ (j_c;)r88)l?laﬁd ?oor the RSG

in paper| &II. We refer the reader to these publications fe t \ iy, T 37 we use a fit presented|in Crowther (2001). No
detailed description of the models and summarize here &Rly { | \c4tion-enhanced mass-loss is included in these statieis:

bmozts[r)ilj?]\(/ja;t ;Iea(tzu(ggg 2:% iﬂﬂﬁ;ﬁ;g?&%;ﬁfggiﬁﬁ N n the following initial rotation velocities are stated relative
YIAS| X ), &o the critical velocityit, see paper |. Alternatively, initial rota-

ments arg I|st_ed n paper . _tion rates are defined as= Q/Qi;, see paperll. For reference,
Rotation is treated in the Roche model framework witthe average initial rotation speed of most B-stang/igi; = 0.4

the shellular hypothesis as presentedlin_Zahn (1992) aipfliang et all. 2010), which is equivalentdo= 0.568.
Maeder & Zahn [(1998). The shear fldision codicient is -

adopted from_Maeder (1997) and the horizontal turbulenee co _
efficient is from Zahn[(1992). Both were calibrated (see paped)l. Geneva and other Cepheid models

so that models presenting an averaged equatorial velogity dThe input physics and numerical implementatioffeti signif-

ing the MSlweII in the obgervatlonal range reproduce the meﬁgntly between dferent groups developing evolutionary mod-
surface enrichment of main sequence B-type stars at solaf-me

licity. Both were calibrated (see paper I) in order to re ithe els. To benchmark and provide additional context for thegsan

; . odels used here (paperl&Il), we compare our evolutionary
mear;l_sgrface enrichment of main sequence B-type starsaat S{‘rﬂicks with other references from the literature.
metallicity.

) Figurdl shows this comparison of non-rotating (black solid
At the border of the convective core, we apply an overshogies) and rotating(/veir = 0.4, black dotted lines) Geneva

parametedyer/Hp = 0.10. This value was calibrated in the masgacks with Padova tracks (Bertelli ef al. 2008, cyan linas)

domain 135-9 M, at solar metallicity to ensure that the rotatinghose used by Bono etlal. (2000b) in their computation of in-

models closely reproduce the observed width of the MS band. | )

Overshooting at the base of the convective envelope is phitex 1 Here, we employ/Hp = 1.6, which reproduces the positions of both

itly included, although a particular choice of the mixingidgh red giant branch and the red supergiant stars, see Fig. D@t pa

Il L L L 1
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stability strip boundaries used in the following (Casteilet al.
1992, red lines). Also shown are the non rotating (greerdso
lines) and rotatingW/v¢rir = 0.3, green dotted lines) models from
Lagarde et &ll (2012).

Generally speaking, all models in Fig. 1 have a lot in con
mon and difer mainly in the details. For the non rotating models
the main sources of filerence are the initial chemical composi
tion (and thus the opacity), and the value adopted for the-ov
shooting parameter. Theftérence in composition and opacity
slightly shifts the tracks on the ZAMS, but in later phasés, t
main diference arises from the overshoot parameter. The tra
from [Bertelli et al. (2008) show the high luminosity derigin
from an overshoot parameter equivalent 16 ttnes the Geneva .
one, while the tracks from_Castellani ef al. (1992) do noteha 43 42 41 40 39 38 37 36
any overshoot during the main sequence. log(Test [K])

The comparison of dierent evolutionary models in Figl 1 ) o o
clearly shows that the extent of the blue loops is sensitive kig. 2. Evolutionary tracks for M, solar-metallicity models with dif-

the value used for the overshoot parameter: the larger tae 0\f/erent initial rotation ratesw = 0.0,0.5,0.8 are drawn as blue solid,

. . . . reen dashed and red dash-dotted lines, respectively.etharmd blue
shooting parameter, the higher luminosity and the shofter Ig:dge of the instability strip (IS) according/to Bono et aD@ab) is in-

loop. The rotating Geneva tracks predict consistently @il icateqd by dashed lines. Grid points inside the IS are maakesblid

minosity than any of the other models in the figure, and showflcles. Thé Tammann etlal. (2003) IS is shown as a shadechgeay
yield a lower mass limit for Cepheids than the Padova tragks b

Bertelli et al. (2008), judging from a by-eye-interpolatio

log(L/Lg)

Cepheid lifetimes, or equatorial velocities. However,estha-
3. Properties of rotating stellar evolution models in rameters such as luminosity should not be very sensitive to i
: The typical rotation velocity of Cepheid progenitors is ap-
the Cepheid stage proximatelyv/vgir = 0.3 — 0.4 (Huang et al. 2010), which cor-

In the following, the Cepheid stage refers simply to the pofesponds to a typicab = 0.5. We therefore occasionally refer

tions of the evolutionary tracks that fall inside the claasin- t0 @ = 0.5 as the "average’ rotation rate. The initial hydrogen

stability strip (IS). A given evolutionary track can crosetlS abundanceZi, is solar €, = 0.014) throughout this paper; a

three times, and thus may be considered as a Cepheid duflifggussion of 'ghe combinedrect of rotation and metallicity will

three diferent crossing numbers. The first crossing occurs whe@ presented in a future publication.

the star evolves along the Hertzsprung gap towards the Red Gi

ant phase during a core contraction phase. This crossing is ; e : ;

pected to be very fast, and such Cepheids expected to be rg'r%a'. Rotating Cepheids in the Hertzsprung-Russell Diagram

Yet, some candidates have been reported in the literatuge (€igurd2 shows evolutionary tracks forVi, Solar metallicity

Turner 2009). The majority of Cepheids are expected to be models at three rotation rates= 0.0, 0.5, 0.8.

the second and third crossings. These stars are in the dammhe ~ As mentioned in paperll, rotation has two majdieets on

burning phase and make up the majority of a Cepheid’s lifetinthe evolutionary tracks.

and are therefore the most likely to be observed, sed Séc. 3.4 Firstly, rotational mixing increases stellar core size ard

We therefore focus our discussion mainly on Cepheids on séends MS lifetimes, mixing hydrogen from outer layers irtie t

ond and third crossings, neglecting first crossing Cephfeids core. It can be shown (Maeder 2009, p. 41, derived for theieond

the sake of brevity when it is not essential. tions close to the center) that luminosity depends on masanm
Instability Strip (IS) boundaries have to be adopted in ordeolecular weighty, and opacityx. Due to the additional mix-

to investigate the predictions made by the models spedyficaing, a star in rotation can continue burning hydrogen fogkem

for Cepheids. Several IS boundary determinations can bedfowand convert more hydrogen into helium, resulting in higler

in the literature. We here adopt two such definitions, oneréte which increased o u*. This furthermore reduces the (domi-

ical (Bono et al. 2000b), and one observatiohal (Tammanh etr@ant) electron scattering opacity, since: 0.2 - (1 + X) is low-

2003). We selected these references because they botlig@roeied when the hydrogen mass fractiis reduced, and results

analytical IS edge definitions for the range of metalliciteov- in increased luminosity, sindec 1/«.

ered by the models. Secondly, rotation causes the centrifugal force to modjfy h
The IS boundaries by Bono et al. (2000b) are based on lidrostatic equilibrium, leading to lowelffective core mass, i.e.,

iting amplitude, non-linear, convective pulsation modbét use the star evolves as if it had lower mass, resulting in a deerea

evolutionary models by Castellani ef al. (1992) to predicti+ of luminosity. Hence, the ZAMS luminosity of a rotating méde

nosities for a given mass. We note that there are relevéietrdi corresponds to a ZAMS luminosity of a non-rotating model of

ences between the models presented here and those unglerlpiver efective mass. Conversely, a non-rotating model requires

the pulsation analysis by Bono et al. (2000b), notably ingtxe higher mass to reach the same luminosity as a rotating model.

lar chemical composition, core overshooting, and, of oeutee Figure[2 serves to illustrate this: whereas littleéfelience in

fact that our models include rotation. It must therefore bptk ZAMS luminosity is seen between the non-rotating (bluedsoli

in mind that the present analysis uses IS boundaries thaicareline) andw = 0.5 models (green dashed line), the ZAMS lumi-

necessarily consistent with the present models. A sel§istent nosity of thew = 0.8 models (red dash-dotted) is significantly

determination of IS boundaries and pulsation periods isdeen lower.

for the near future. Obviously, the choice of IS boundaries a While the above is correct for a model at the ZAMS, the situ-

fects the range of values predicted in the Cepheid stageasiclation is very diferent at later evolutionary stages, e.g. when a star
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Fig. 3. Predictions for ™M, Cepheids on theecond crossings func- Fig. 4. Analogous to Fid.I3 for théhird crossing Note that the parame-
tion of w. Panels A through G show bolometric magnitude, luminosityers in panels A through E adecreasingluring the third IS crossing.
effective Temperature, surface gravity, equatorial velpaitye, and life-

time. The range of values during the IS crossing is shownakbBines

for the IS definition by Bono et al. (2000b), and as a light gshgde

for the IS from_ Tammann et Al. (2003). On the second crossihga- . . )
rameters increase during the evolution along the blue lesgept for Crosses the IS. Here, a rotating model has a luminosity tivat ¢
7cep Which shows the duration of the IS crossing. Triangles inepan'€sponds to a non-rotating model of higher initial mass. ifihe
E show the extreme values for surface velocity at the beginof the crease in luminosity due to rotation is, however, not moats,
blue loop near the Hayashi track (minimal) and at its gréa&etension since the luminosity-increasing mixingfects are counteracted
(maximal). by the luminosity-decreasing centrifugal force.
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lower mass limit | v/Veie ~ upper mass limit | v/Verit ficiently large stellar populations may preferentially leaslowly
450M, (4.25) 0.0 1150Ms (11.75) 0.0 rotating progenitors.

455M, (4.50) 0.4 1000M; (10.25) 0.4
Table 1. Mass limits for Cepheids without and with rotation. Lower 2 2 Eyolutionary masses of rotating Cepheids
limits (left) were explored using the web-based track iptéation tool.
To investigate the upper limits, new evolutionary tracksexemputed. A long-standing problem in Cepheid research is related ¢o th
The values in parentheses correspond to the next massedphat no  Cepheid mass anomalies (5eeCox 1980, and referencesijherei
longer exhibits a blue loop. which are defined as disagreements between pulsationaémass
and those inferred from evolutionary models (Christy 1968;
Stobiel 1969alb,c). The improvement of radiative opacities
stellar envelopes (lglesias & Rogers 1991; Seaton et al4;199
lglesias & Rogers 1996) removed some of these anomalies, no-

The B panels in Figd.13 afdl4 show this balancirfiget

for the 7M, models for the full range of initial rotation ratest?bly for the double-mode Cepheids (Moskalik €f al. 1992y. F

available from paperll. Luminosity reaches a maximum fq |ngle-mode Cepheids, however, the so-called mass dicegp

w =~ 0.5 and decreases towards both extremes, with a relativ é(nainsatopic of active research and discussion (e . Boab
flat plateau for (8 < w < 0.7. On the highv end, the decrease2006; Keller 2008; Cassisi & Salartis 2011; Prada Moroni &t al

in luminosity is greater during the second crossing tharndur 3 : ; : —y
the third, i.e. the blue loop becomes wider with greatertiata igyl‘r-%.olczj\écl)sl,u\t/li% nzrymrg‘:_slﬁi’]i'ﬁ%‘éigoéﬁz;g;irsrﬁ?pfr(;rrgu?ﬂn d to

Hence, the_ fastav, t.he greater the derence inl. between sec- be systematically larger than mass estimates obtainedh®sy ot
ond and third crossing. means
The most common strategies explored to resolve the mass
3.2. Cepheid masses discrepancy involve an increase in the size of the convective
. ) . viaenhanced overshooting (e.g. Keller 2008), a decreasavie+
Let us now consider theffect of rotation on the mass predicigpe mass by enhanced mass loss (Neilson et al] 2011), or both
tions for Cepheids. We first inspect the upper and lower massy instance, Prada Moroni et al. (2012) have recently fdbat
limits of (second and third crossing) Cepheids predictedhiey tne accurately determined mass of the Cepheid component in
models and then investigate the impact of rotation on thesmage eclipsing binary OGLE-LMC-CEP-0227 (Pietfiki et al.
discrepancy problem. 2010) located in the Large Magellanic Cloud can be satigfact
rily reproduced by evolutionary models with a given set of pa
rameters. Their best-fit solution favors increased core gizr
enhanced mass-loss, but requires a significantly higheuatmo
As mentioned above, we assume that any model performingfacore overshooting than is implemented in the models pre-
blue loop becomes a Cepheid when it crosses the IS. Withen teénted here.
simplification, our models allow an investigation of the garof Another possibility for increasing core size is to introduo-
initial masses that evolve to become Cepheids, i.e., thaglde tation. However, the evolutionaryfect of rotation on Cepheids
blue loops crossing the IS, as a function of rotation. At the | has not yet been discussed in detail in the literature. Bhimi
mass end, this inspection can be done via interpolatiocesidortunate, since rotation makes testable predictions fange
the extent of the blue loops increases gradually with mass. @ parameters that can be confronted to observation, intdud
the upper mass end, however, the blue loop suddenly disegppeenhanced surface abundances and (equatorial) rotatieluaiv
rendering interpolation inapplicable to this end. Depagdin ties, which make thisféect distinguishable from enhanced core
the desired resolution in mass, this endeavor becomes dampavershooting. It is therefore clear that rotation shoultlrene-
tionally expensive quickly. We therefore computed seveeal  glected as a potential contributor to the solution of thesmhs-
models to iteratively search for the point at which the bhuepl crepancy.
disappeals As mentioned in SeE. 3.1, the luminosity of rotating Cepheid
Tabld] presents the results of this search. Lower masslinmitodels is generally larger than that of non-rotating Cegihef
are shown on the left, upper mass limits on the right. The nake same mass. Judging from the tracks in[Big. 2, for instance
model investigated is indicated in parenthesis. the increase in luminosity at fixed mass is approximately 0%
On the low-mass end, we find that both rotating and nof-17 in logL/Ls). A non-rotating Cepheid model must therefore
rotating models yield a minimal Cepheid mas.5 M., inde- have higher mass than a rotating one at a fixed luminosity.
pendent ofv. Judging from Fid. 11, this is comparable to or lower Figurd® serves to investigate theet of rotation on the
than the mass limits predicted by other models. mass-luminosity (M-L) relationship. It was created usihg t
Rotation does, however, significantlffect the upper mass regular models from paper Il as well as interpolated modmis-c
limit, and yieldsM < 115M, for non-rotating, andl < puted using the web-based interpolation [fod\s mentioned
10.0 M, for rotating models withv/vei; = 0.4. It is worth not- above, luminosity usually increases from the second torting t
ing that the luminosity during the loop is laglL, ~ 4.3 for crossing, and this increase tends to be larger for highére.,
either case. Hence, the upper mass limit for Cepheids tdixhthe loops become wider for higher. Hence, it seems obvious
blue loops appears to be imposed by an upper limit on lumindgg-distinguish not only between models wittférentw, but also
ity. Since rotation flects luminosity, this fiects the predicted between Cepheids onftérent crossings, since M-L relations of
Cepheid mass rangeghis leads to the interesting predictionCepheids on dierent crossings and withféérent initial rotation
that the longest-period Cepheids (the most massive onssf-in rates have dierent zero-points and slopes.
Figurd® shows both rotating (cyan shaded area) and non-

2 Rotating models calculated here as in paperl, where rotdtio rotating M-L relations (yellow shaded area) based on the
parametrized ag/ Vg, With Ve denoting critical rotationv/ve = 0.4
is equivalent tav = 0.568. 3 http://obswww.unige.ch/Recherche/evoldb/index/Interpolation/

3.2.1. Which progenitor masses become Cepheids?
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4.2 : : : : : : will be made when inferring masses from a given M-L relation.
As can be seen from FiQi] 5, evolutionary masses will be overes
timated, leading to a mass discrepancy.

Let us compare the systematic error on mass estimates in-
curred in four diferent situations:

1. bothw and the crossing number are unknown: usiom-
rotating models, masses are overestimated by 15 %.

2. w is known, but not the crossing: assuming the star is on
the second crossing while it is on the third, the masses are
overestimated by 2-7 %.

3. The Cepheid is on the second crossings unknown: using
non-rotatingmodels, masses are overestimated by 8 %.

4. The Cepheid is on the third crossing,s unknown: using
non-rotatingmodels, masses are overestimated byl %.

log L/Lg

Note that these systematidfgets approach the range of
10-20 % usually guoted for the Cepheid mass discrepancy (e.qg.
Bono et all 2006; Keller 2008). The crucial point to remember
is that two dfects need to be taken into account simultaneously
when inferring evolutionary masses: the rotational histifithe
star ), and the crossing number. Thankfully, both can in prin-
ciple be constrained by observations, the former via eséisnaf
vsini, Cepheid radii, and surface abundance enrichment, and the
latter via rates of period changes (e.g. Turner gt al. 12006).

Due to the balance between the mixing and hydrostatic ef-
fects, the majority of Cepheid models predict luminositiest

30 T o0 o8 o060 oo deviate nottoo far from the = 0.5 models, cf. Fig§]3 arid 4. M-

L relations for Cepheids based on rotating models with 0.5
therefore provide suitable estimates for a range of inititdtion
rates observed in B-type stars on the MS.

Fig. 5. The mass-luminosity relationship for rotating & 0.5, cyan, The rotation-averaged M-L relation for tlsecond crossing
consistently higher luminosity) and non-rotating Cepbe{gellow, s thys:

lower luminosity). Shaded areas show the range of valueseast

the second (squares) and third (circles) crossings. Sylitbels are |og(L/L,) = (3.683+ 0.074) log M/M,) + (0.598+ 0.006) (1)
based on grid models, open symbols indicate models obtaiiaethe

web-based interpolation tool. The red dashed line thatsethe non-

rotating area represents the M-L relationlby Caputo et 80%2their |og(M/M,) = (0.271+0.006) log (L/Ls) — (0.159+0.001). (2)
Eg. 2 withZ = 0.014,Y = 0.27) whose investigation was based on ) ) )

the models by Bono et al. (2000a) and does not account forectime Analogously for thethird crossing we obtain:

core overshooting. The solid red line crossing through tiea aelin-

eated by rotating models is the M-L relationship used by Bwral. 109 (L/Lo) = (3.515+ 0.043) log (M/Mo) + (0.818+ 0.004) (3)
(2013), which assumes a value d/Hp = 0.2 for convective core

overshooting (based on models|by Prada Moroni ¢t al.|2012)

logM/M@

log (M/Ms) = (0.284= 0.003) log (/Ls) — (0.231+ 0.001). (4)

If the crossing number is also unknown, then an averageoslat

. ) ) .in between these two should be used. We thus propose
present models, as well as literature M-L relations with dif

ferent assumptions regarding convective core overshgidfie log(L/Lg) = (3.594+ 0.124) log M/Mo) + (0.712+ 0.011) (5)
Caputo et al.[(2005) models (basedon Bono et al. 2000a) as-

sume no overshooting, whereas the relation given in Evaals et
(2013) assumespe/Hp = 0.2 (based on models by!09(M/Mo) = (0.272+0.009)log L/Lo) — (0.177+ 0.002) (6)

Prada Moroni et al. 2012). Thus, Fig. 5 provides a means te Cof be used as an M-L relation in the absence of information on
pare the #ects of increasing convective core overshooting vig and the crossing number. We note that this average relation
the literature relations, as well as of introducing rotatiia yields masses for low-luminosity (ldgL, ~ 3.2) Cepheids
the shaded areas (note, however, that the present modefsesshat agree to within less than 1% with the relationship by
weak overshooting witldover/Hp = 0.1). Prada Moroni et al[ (2012, non-canonical overshooting)\sang
FigurdB clearly exposes two important aspects to beariirEvans et al[(2013). Towards higher luminosity, théedience
mind with respect to the M-L relation. First, rotation inases between the relationships increases, reaching nearly kgt
Cepheid luminosities at a similar rate as high convective cqrotating models predict lower mass).
overshooting values, thus pointing to the presence of ardgge  Figurd® illustrates the importance of considering the £ros
acy between the twd¥ects in terms of the M-L relation. Secondjng number when inferring the mass of a Cepheid. Cepheids
it is crucial to take into account the crossing number whégrin with masses listed in_Evans et al. (2013) are plotted as cyan
ring Cepheid masses, and the importance of doing so inceasgen circles over the blue loop portions of evolutionarghsa
with w (since the luminosity dierence widens witlw). Hence, in an HRD. Cepheid mass, luminosity and color are provided by
if rotation and crossing number are ignored, systematiorerrlEvans et al. (2013), and the temperature estimate is obithiyne
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I I I I I I
Evans et al. (2013) | Il Models 3Tr
1 3.6 |
S Mus
3.5
1 éa 3.4} W Ser
S W
~ gr /
32 ppaql ! = 7 ]
3.1k SU Cyg / 7 |
Cep227 4
3.0 | 7 ]
o) | | | { | | | |
) 6.3 Mg 1 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90
=2 log M/Mg
g 6 Mo
34} 58 Mo w=05 | Fig. 7. Observed (non-model dependent) Cepheid masses (see
Evans et al. 2011, and references therein) shown togethtbr thé
5.2 Mg, M-L relations of Figlh. Luminosities were estimated |by Evatal.
(2013) or| Evans etall (2011, Polaris & FF Aql) using the prio
32F 49Mo 5M, - luminosity relationship by Benedict etlal. (2007). The greerorbars
4.7 Mg, w=0.5 labeled ‘Cep227’ show the highly accurate mass estimat©fskE-
4.5 Mg CEP-LMC-0227 |(Pietrziyski et al.| 2010), where the luminosity was
' calculated from the published radius and temperature.
30 4o, 5 Mg
w = 0.0
While there does exist a degeneracy between the adopted
08 , , value for the overshooting parameter and the rotation rate i

3.5 terms of the M-L relation, rotation has implications on a’sta
log(Tes [K]) evolution that may be observable in the late stages of its evo
lution. For instance, rotation leads to enhanced helium sur
Fig. 6. Cepheid with masses determined by Evans ket al. {2013) gloti&ce abundance and modified CNO element abundance ratios,
as cyan open circles onto the blue loop portions of evolatiptracks. See Se¢.315. For Cepheids of a fixed mass, enhanced helium
Rotating tracks are drawn as red solid, non-rotating onetuesdashed abundance would increase pulsation amplitudes, sinceothe t
lines, the IS as in Fifl2. tal amount of helium in the partial ionization zone would be
increased, see S€c.3J5.1. Furthermore, rotating modetscpr
surface velocities that are clearly within the detectabteye, cf.
Sec[3.B. Hence, the present rotating models make several po
rT}entially observable predictions that can be used to caimstine
value ofw for a given Cepheid, and help to distinguish between
The figure clearly shows that there is overall very googholutionary &ects due to rotation and those due to higher core
agreement between the literature masses and the modeis. bugrshooting.
thermore, it underlines the penalty of ignoring the crogsiom- To summarize the above, the current mass discrepancy (in
ber when inferring Cepheid masses. For instance, if thest1gs the order of 10- 20%) can be explained by a combination of
is ignored, then Cepheids betwees &nd 63 M, may both be increased luminosity due to rotation and luminositfefiences
interpreted as 8, Cepheids. Figuig6 also illustrates that thpetween Cepheids on second and third IS crossings.
present models predict luminosities that are consistetft thie
period-luminosity relation (PLR) by Benedict et al. (200sihce ) . ) )
the Cepheid luminosities in Evans et l. (2013) are basetisn t3-3. Surface gravity, radii, and equatorial velocity

PLR relation together with an M-L relation which is analglly a5 can be seen in the D panels of Figs. 3[@nd 4, rotation impacts
similar to EqL. surface gravity, log, during the IS crossings. Qualitatively sim-
Few model-independent Cepheid masses are known in ilag in behavior to the increase in luminosity due to rotatim-
literature, and unfortunately, their associated uncetitzs are tating models tend to have lower Iggand the range of log
rather large. In Fig[]7, we compare the model-independemiues between the two crossings increases with rotatibis. T
masses shown [n_Evans et al. (2011) with the M-L relations piie no surprise, since loggand L are intimately linked via the
sented in Figll5 above. This comparison is not very conadysiM-L relationship. Since log is related to stellar radius, rotation
unfortunately, though it does seem to favor the rotating M-also impacts a Cepheid’s radius. Theskeds are particularly
region shown. An interesting test to perform would be to innteresting to mention here, since lggnd radius can be deter-
vestigate the Cepheid SU Cyg in terms of its observables reined observationally and independently, providing caists
lated to rotation, since its location in the diagram is ondyic on a Cepheid’s crossing number andwan
sistent with virtually no rotation. Note that M-L relatiorse Due to the conservation of angular momentum, stars with
sensitive to metallicity in the sense that lower metaljicitod- greater rotation rates on the MS can be expected to haveegreat
els yield higher luminosity. This is important to keep in hin rotational velocities also during the red (super-) giaraggh Pan-
when considering the LMC Cepheid OGLE-LMC-CEP-022&Is E of Figd. B andl4 show the dependence of the equatorial
(Pietrzyaski et al! 2010) shown by green error bars. surface velocity for the Rl models,veq On initial rotation rate

4.0

interpolating in the color grid by Worthey & Lee (2011) assu
ing solar metallicity and log = 1.5.
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Models first second third logayr]

M/Ms  w BE RE| RE BE| BE RE second crossing third crossing

5.0 0.5| 23.9 218|208 242|142 7.6 w 0.0 | 05 0.8 0.0 | 05 0.8
26.1 17.6| 185 254|212 58 5My, | 8.01| 8.09| 8.11 | 8.03| 8.10| 8.12

7.0 0.5| 146 11.0|/ 19.2 35.0| 221 11.2 My | 7.67 | 7.75| 7.76 | 7.69 | 7.77| 7.78
16.6 10.8| 23.8 41.2| 26.6 15.2 9My | 7.46 | 7.53| 7.54* | 7.48 | 7.55| 7.56*

9.0 05| 9.8 66| 81 376! 17.7 4.6 Table 3.Cepheid ages for threefférent masses and rotation rates. The

typical difference between rotating and non-rotating models is approxi

11.6 77227 520 238 11.5 n);gtely 20% across the board. *: f%ﬂvl)D models, thisgcolumn actugil)ly

Table 2. Range of equatorial velocitiag, in km s predicted by mod- showsw = 0.7.

els withw = 0.5 for three diferent masses upon entering and exiting
the blue (BE) and red (RE) edges of the IS. For each mass,s/hhsed
on the Bono et al! (2000b) IS are presented first, followedhogé for
thel Tammann et al. (2003) IS.

gest that (rotating) real Cepheids may be systematicadligrdly

20% than predicted by non-rotating models. Such considesat
are relevant for calibrations of period-age relations (@enal.

) ) ) ) ) 2005) and their applications for constraining star fororatiis-
during the second and third crossings; increases during the tories, e.g. of the Galactic nuclear bulge (Matsunagal 20dl1).
second crossing, decreases during the third. The minimum an Besjdes age, rotation also impacts the duration of bluedpop
maximum values during the entire blue loop are indicatedby Usnd therefore Cepheid lifetimes (the time spent crossiadgSih

and downward facing triangles, respectively.
Equatorial velocities predicted for models with= 0.5 for

Cepheid lifetimes and blue loop durations are listed in kyr i
Tab[4 covering three rotation rates with three initial neasfor

5,7, and 9M, models between the red (RE) and blue (BEjoth thel Bono et al! (2000b) ahd Tammann ét[al. (2003) insta-
edges of the IS are listed in Tab.2q tends to be consistently pility strips. We note here that theNs, models are fiected by
larger on the second crossing than on the third due to lagger fielium spikes during the third crossing. These occasiomdd s
dius (lower logg). Given the predictions in Tabl. 2, the presencgen increases of available helium can extend the lifetimtbef

of highvsini would tend to be indicative of a Cepheid being okhird crossing significantly, if they occur inside the IS wver,

the second crossing.

Cepheid lifetime estimates depend much more strongly on the

At the velocities predicted here, rotation should be rgadijiefinition used for the IS boundariéisan on these He spikes.
observed by spectral line broadening. A first estimate o&tlee- Hence, the reader is advised to consider the following discu
ageveqbased on a sample of 97 classical Cepheids observed widn merely as an indicator of tendencies.

the high-resolution spectrograftoralie as part of an observing

The overall trends predicted for Cepheid lifetimes in Tab. 4

program to search for Cepheids associated with open clustgfe as follows:

(Anderson et al. 2013) yieldseg ~ 123kms? (R. I. Ander-

son 2013, PhD thesis). A detailed comparison with obsenved s —

face velocities is currently in preparation. Three puldidbbser-
vational studies foundleq < 10kms™* (Bersier & Burkil1995,
using CORAVEL),vsini < 16 kms? (Nardetto et al. 2006, es-
timates ofvsini in their Tab. 2), and @ < vsini < 17.7kms*
(De Medeiros et al. 2013, Cepheids identified via cross-matc
with the Variable Star Index, cf. Watson 2006).

At first sight, this comparison may appear to indicate overes_

timated predictions foveq for models with initialw = 0.5. Note,
however, that the predicted values\qf, vary significantly be-

tween the dierent crossings, within each crossing, as a function

of mass (or period), and are moreover strongly dependeren t
choice of instability strip (bluer boundary more contractee-

higherveg). A detailed comparison must therefore take into ac-

count the crossings, temperature, masses (periods), avasbd
on a stficiently large sample in order to deal with the randomly
oriented rotation axes.

3.4. Cepheid ages & lifetimes

Rotating models yield older Cepheids than non-rotatingsone

(see panels F in Fids. 3 ahHl 4), since rotation increases e M-

lifetime of stars. For example, theftirence in mean age dur-
ing the second crossing between the non-rotatihy, 7imodel

(49.4 Myr), and thew = 0.5 model of the same mass (681yr) —

is approximately 20%. Additional ages for Cepheid models, of
7, and 9, models for dfferent initial rotation rates are listed

in Tab[3. It is evident from the table that moderate rotation

(w = 0.5) causes a systematic increase indaj approximately

Lifetime estimates for the 5 andM, models are much
longer (by a factor 2-3 in the case of\g,) when adopt-

ing thel Tammann et al. (2003) IS rather thanthe Bonolet al.
(2000b) IS. The longer lifetimes can be explained by the
greater width (inT¢¢) of the former IS definition and its bluer
hot edge (evolution slower on the blue edge than the red). For
9 M, models, the Bono et al. (2000b) IS predicts longer life-
times due to its wedge shape.

First crossings are much faster than second or third cross-
ings. The first crossing lifetime increases towards lower
masses.

The larger the mass, the longer the time spent on the first
crossing, relative to the second or third. Hence, the latger
mass, the more probable it is for a Cepheid to be observed
during the first crossing.

— Cepheid lifetimes for the M, model are by far the longest.

Compared to My models, SM, models predict lifetimes
that are at least an order of magnitude longer, depending
strongly on the IS boundaries adopted and on rotation. The
reason is that evolution along the blue loop is slowest at the
tip of the blue loop, which lies square inside the IS for these
models.

For the 5My model, the third crossing is always slower than
the second. However, this is not always the case for the
higher-mass models.

The fractional time spent inside the 18geptotal/ Tioop, de€-
creases with increasing mass. This is related to the speed at
which a star evolves along the IS. As a result,Mbred gi-

ant is more likely to be caught (observed) during the Cepheid
stage than an ordinary red giant of 7 okg. This is in ad-

0.08dex, regardless of mass. Hence, the present models sugsdition to the dfect of the IMF.
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Tcep [KyT]
first second third total Tioop [Myr] The [Myr]

w 00 05 08 00 05 08 00 05 08 00 05 08 00 05 08 00 05 0.8
5M, | 57 9.4 85| 316 288 857 597 1553 1145 919 1851 2011 10.3 8.4 9.3| 19.2 16.6 18.7
38 35 35| 879 930 2681 1977 3422 2804 2894 4387 552(Q
7™My | 40 45 41| 51 28 32 27 40 31.6| 82 72 68| 3.0 34 39 68 67 73
80 74 72| 88 39 47 41 55 47| 138 101 101
IMe* | 22 3.0 27| 14 11 11 6 13 10 22 27 24| 15 16 19 34 33 36

27 27 26| 94 6.7 89| 6.9 12 9.2 19 21 21
Table 4. Predicted timescales relevant for Cepheids ffiedént initial mass and rotation rate. Cepheid lifetimeshm three crossings and their
sum (total lifetime) are listed in [kyr]. The duration of théue loop and the core helium burning timescale are giveiyr]. The asterisk is a
reminder thatv = 0.7 was used instead af = 0.8 for 9 M, models. The predicted values in the top rows for each madsaaezl on the Bono etlal.
(2000b) IS, the lower rows on Tammann et al. (2003).

— The total lifetimes of intermediate and high mass Cephei T T T T T T T T
depend less on rotation than low-mass Cepheids do. 0.07 |- ]
C . : — 0-06 - e © o 06 -
Better resolution in rotation rate regarding Cepheidilifets 0.05 |- o ° .
is provided for the ™M, model in the G panels of Figd. 3 and 4 % 0.04 | -
though no clear trend is discernible. <1 0.03 | 1
0.02 |- (@] A A
001 _O A A —
3.5. Surface abundance enrichment 000 FA A A A A i
| | | | | | | Ll
Rotational mixing createsfects that can impact Cepheid sur b ' L
face abundances during twdi#irent evolutionary stages. First, 15| P e®
during the MS, rotational shear creates turbulence thatlglo e (]
mixes material processed in the core throughout the radiati- <2 ;| o © A A
velope, leading to enhanced surface abundances of helidm Z. o © A A
of nitrogen relative to carbon and oxygen. When the stavesol < 05k A i
to become a red giant or supergiant, the core material isedcarr A
to the stellar surface during the first dredge-up phase when 00kEA A A |
star develops a deep convective envelope during its appiafac B 1 1
the Hayashi track after the first IS crossing. Hence, two kin sk ]
of surface abundance enhancement have to be distingutsieed ’
rotational enhancement occurring towards the end of theMi &
Sequence, and the dredge-up related enhancement. As the 2 Lor o © © © .x h
dictions presented in the following clearly show, both laraf 4 o o A A A
surface abundance enhancement depend on mass and rotati 05O A T
Abundance enhancement of elem¥is defined as the post-
dredge-up (index Cep) increase in mass fraction relatitae¢o 00LA A L L L L L T
initial value (on the ZAMS, index 0), i.e., 00 01 0.3 05 06 07 08 09

w

AXi = AXipu + AXims = Xicep— Xi0 = Xicep— Xio - 7 _ _

Fig. 8. Surface abundance enrichment for thiél 7 model as a function
AX; has two contributions, one due to the dredge-up (index DU, initial rotation. Top panel shows surface helium masstfom rela-
and one related to rotational enhancement on the MS (indive to starting value, center and bottom panels shoyC[Nnd [NO]
MS). enhancement relative to starting (solar) value. Quastitiefore first

For CNO elements, we express the abundance enhancerflEqfige up is shown as upward triangles, post-dredge upasscir

in logarithmic units relative to hydrogen, where, in theeca$
nitrogen (N):

both rotation (gray scaled, where darker represents highand
IN/H] = Iog( XN,Cep )_ Iog( XNo ) = A[N/H] ®) mass. In all these figures, Terminal Age Main Sequence (TAMS)

AN - XHcep AN - XHo ’ values are indicated as upward facing triangles. Post éregg

) ) _ values are shows as solid circles. As per their definitioitiain
Here, Ay denotes the atomic mass number of nitrogen. Similarig AmS) values are 0.

for ratio of nitrogen to carbon, Since rotational mixing can enhance surface abundances to-

A[N/C] = [N/C] = [N/H] - [C/H]. (9) Wards the TAMS, the presence of enriched abundances is not an
unambiguous argument for excluding a Cepheid’s crossiag th
Figurd8 shows predicted surface abundance enhancem&it®r the first time. As shown in the following subsectior t
for helium,AYs, as well as N relative to C and N relative to OTAMS enhancement depends primarily on rotation, but also on
as a function of initial rotation rate for M, models. Similarly, mass. Thus, especially high mass, i.e., long-period, Gdplage
Figs[9[10, and_11 show the same information as functionsepected to exhibit enhanced abundances even if they ateeon t

Article number, page 9 ¢f13



A&A proofs:manuscript no. RotatingCepheids

first crossing. However, an absence of enhanced abundaages®b5.1. Helium

be indicative of smallv (rotational history of the Cepheid) and
a first IS crossing.

0.07
0.06
0.05
0.04

AYs

0.03
0.02
0.01
0.00

ol )

A
g

of

A

1
7
Mini Mo

o >D> P

Figurd9 clearly shows that even small amounts of rotatior co
siderably increase the post-dredge-up helium surface frecss
tion Ys drawn as circles whose recycle represents rotation rate
(the darker, the faster). High rotation rates ¢ 0.5) are re-
quired to cause significant enrichment on the MS (TAMS predic
tions drawn as upward triangles with same grayscale), adtho
enhancement during the MS is a factor of 5-6 smaller than the
post-dredge-up enhancement.

For a fixed mass, an increaseYg due to rotation also sig-
nifies an increase in the total mass of helium in the He par-
tial ionization zone AMye. This should &ect the pulsations,
since the amplitude of light variation may depend on He abun-
dance. For instance, Kovtyukh (1998) predicted an incrégase
amplitude(SL o« AMye/P), whereP denotes pulsation period.
According to_Cogan et al. (1980), an increase of He mass frac-
tion by 01 would increase the light amplitude by28 mag,
and radial velocity amplitude by 15m's However, in a re-
cent investigation using nonlinear convective hydrodyitai
models, Marconi et al/ (2013) found only a weak dependence
of pulsation amplitude to He abundance in the rang&t

Fig. 9. Helium surface mass fraction enhancement as a function s¢ m&.26, 0.27,0.28 (note that the predicted enhancemevs, due
and initial rotation. Open symbols represent non-rotatimglels, gray to rotation can reach up to 0.05, cf. Hi§. 8). Furthermorésau
solid symbolsw = 0.5, and black solid symbols = 0.8. Pre-dredge-up tion amplitudes might be expected to decrease with inctb¥ése

enhancement is drawn as triangles, post-dredge-up vaduseckes.
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AN/C)]

0.0

Fig. 10.Analogous to Fid.B for [KC] surface abundance enhancement.
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due to lowered opacity in the partial ionization zone (G. 8on
priv. comm.). In conclusion, pulsation amplitudes prolyadi-
pend (in one way or another) &g, which is d@fected by rotation.
Hence, the observed spread in observed photometric andvelo
metric amplitudes (e.g. Bono et al. 2000b) may partly be due t
variations in rotation rate. However, the present statidet®
cannot by themselves predict the behavior of pulsations.

3.5.2. CNO elements

In the intermediate-mass stars considered here, H-buriging
dominated by the CNO cycle. Besides producing helium from
hydrogen, the CNO cycle gradually transforms C and O’fith

since this element has the slowest rate of destruction (Baed
1985). Hence, the ratios |IC] and [N/Q] are expected to be
modified by rotation. We show the behavior 4fN/C] and
A[N/O] as a function of rotation rate in the two lower panels
of Fig.[8.

The TAMS enhancement is predicted to be much more no-
ticeable for CNO elements than for helium, due to the fact tha
very early during the core H-burning phase, strong gradiefit
CNO elements appear between the convective core and the en-
velope triggering fast diusion timescales. Clearly, the MS en-
hancement of nitrogen depends primarily on rotation, ais bge

the upward facing triangles in Figs.]10 11 that are gedgdc

for rotation rates (faster is darker). For fast rotating eledf
suficiently high massX 7 M) the rotational mixing during

the MS leads to stronger abundance enhancement than dredge-
up in non-rotating models of the same mass. It furthermore ap
pears that the contribution of dredge-up to enhanced almoeda

is rather insensitive to rotation, though the MS enhanceérisen
very sensitive to rotation. This is an interesting contvéitit he-

lium abundance enhancement, pointing out the lar¢fergince
between the He and CNO abundance gradients between the con-
vective core and the radiative envelope. In summary, thei-mod
fication of CNO abundances due to rotational mixing durirgy th

Fig. 11.Analogous to Fid.9 for [XO] surface abundance enhancemeniys and due to dredge up are of similar orders, with the ratatio
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We mention here that puzzling CNO abundance predictio T T T T T

made by rotating Geneva models of blue supergiant stars w [ T - 9 Mg,
previously pointed out by Saio etlal. (2013). Although a deda N R N R N | I I
comparison with observed abundance enhancement willbef  107° I L 7 Ma 3
sented in a publication to follow soon, we can already menti F AT T | L 2RRAR T EAA T+ e
that the enhancement of CNO elements predicted by the gres <

models appears systematically too high by up .®degx. How- i 1079 F E
ever, measuring CNO abundances in the extended atmosph > ; i 50 ]
of Cepheids is diciently complex to leave room for significant = [ = =]: ------- 7 "EEREEE -I ------- T - 20 O]
systematic errors associated with the measurement. 10-7 + .
3.6. Tracing Cepheid evolution via period changes L8 [ . 1 . .

Cepheids are among the rare objects whose evolution can 00 0.1 0.3 0.5 0.7

observed on human timescales thanks to variations in per
tf;]at ?re Interpretec_i as f)elng due tt?] C()Cntrar(]:tl_(()jn (pelrlodgg Fig. 12. Absolute values of predicted rates of period change for sev-
shorter) or expansion (0nger_) as the Lepneid evolves aeg o Cepheid models are shown against initial rotation ¢atBredic-

IS crossing. The underlying idea is that in a radially pugat yjons for the Bono et al (2000b) IS are drawn as black, blue, red
star the pulsation period, is intimately linked with the mean yertical lines for the 57 and 9, models, respectively. Gray shaded

density in solar unitsp, via the relation bars represent the predictions assuming_the Tammanh 08B |S.
Second crossing Cepheids afféset to slightly lowerw, third crossing
P. \/Ez const= Q. (10) Cepheids to highew for visibility. Period decreases along the second

crossing, and increases along the third. Per-mass aveaegishown as

This relation was first investigated in the context of stgfial- annotated horizontal dotted lines.
sations by Ritter (1879). Equatibn]10 was first applied te#tiv
gate the rate of progress of stellar evolution by Edding1ng, As expected from Cepheid lifetimes, higher mass stars are
1919), demonstrating that the main energy source of staiisl co P P » 19

not be contraction. Thus, rates of period change have pedvi(Pred'Cted to show faster rates of period change. No obvieus d

and continue to provide crucial tests of stellar evolution. ggndence ow emerges, although the values predictedipP

Estimates for predicted rates of period change can be o0 exhibit some fluctuations. The only slight tendepcy seen i
tained from evolutionary tracks such as the present onese si. at 7M, models tend to show increasing|fi/P with increas-
variations in mean density are time resolved during the ¢Ssr ing « on the second crossing, whereas the opposite is true on the
ings. Starting from the time derivative of the period-deyse- third crossing. Furthermore, the range®¢P coveredin a given
Iatioh (EqLT0), we obtain crossing depend quite strongly on the IS boundaries adopted

' Period changes can be measured observationally using O-C

diagrams, and are typically given in terms of the quamitp. In
& d | 1_d_QdP }_9 — g ypically g q jti?
p 2

dt  dt

= hall id_p and thus (11) the Galaxy, observational rates of period change have been d
dP dt dt’ termined for nearly 200 Cepheids (Turner €t al. 2006), liog
good statistics and long baselines that make this an egd¢iivl
_ for comparisons with stellar models. Comparing the ratgseof
f __ 1 ] 9 i% (12) riod change predicted by the present models with the obderve
dt (1 _dQ ;_) 2 \[p3dt rates Turner et al. (2006, Fig. 3) yields very good agreement
dP Several fects not considered here are likely to impact the
; - ; ; dicted rates of period change, including for instaneedik-
ég%pgnc‘galtjf:secr@e(ri%c(i)g)e?gndence of Q as investigated tel’?ﬁution of helium inside the envelope, or the dependerfitieso
e neglected first term in EGJL2 on density (which dependajpn
Q=347x102+52x103logP + 2.8 x 10 ¥logP]?, (13) However, consistentdeterminations of the IS location arislig
tion periods are out of scope for this paper. These and dekbtai
with 0.035< Q < 0.050, we can estimate the importance of theomparison with observed rates of period change are threrefo
first term in EQCIR using the average densities predictedhey P0ostponed to a future publication.
models. We find this term to be close to unity and thus nedégib
for a first order estimate. A more detailed investigation ldou
however, involve a consistent determination of pulsatienqals
for these models. Witﬁ")ﬁ—dt = d('j%‘ and dividing byP, we obtain As was shown in the previous sections, rotation together
a simple way to predict rates of period change to first ordenfr with the crossing number lifts the uniqueness of the mass-
the evolutionary tracks via luminosity relationship for Cepheids anffects their densities.
One of the cornerstones of the universal distance scaleeis th
empirically-calibrated period-luminosity-relation (Rl Leavitt
1908; Leavitt & Pickering 1912) that attributes luminacesiti(or
) absolute magnitudes) to values of the pulsation periodcs(ey.
Figurd12 shows the range {#|/P estimated using Ef.14/Benedict et all 2007; Freedman etlal. 2012), or to period and
as a function ofv for second and third crossings. The absolumlor (e.g.. Tammann et gl. 2003;_Sandage et al. 12004, leading
value is plotted here in order to have the direct compari$timo to Period-luminosity-color relations). PLR calibratioa® per-
rates of period change for both crossings. formed on real stellar populations (or at least samplesaof}t

)

3.7. Intrinsic dispersion of the Cepheid PLR

P _dlogP  1dlogo
P~ d 2 dt

(14)
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T T T T T and overshoot increase core size and therefore producerhigh
42 — — _ 7| luminosities for lower masses.
10k 9 Mo \-[ o 1 However, besides increased luminosity, core-overshgotin
makes few other predictions, acting essentially like a &uftég-
38 - — _ 4 torthatis increased until evolutionary masses match pafsa
2 Mo _ ones. On the other hand, rotation is observed in most stags, a
3 36| 4 especially so in the progenitors of Cepheids. Furthernrota;
& tion makes severaéstablepredictions of observable quantities.
34r 1 Accordingly, a detailed comparison of the predictions pnésd
—= here with observational quantities is currently in prefiara
s2r P 5 Mo ] Another possibilty of diminishing the mass discrepancy,
30k 4 i.e., lowering the evolutionary mass at fixed luminosity, is
! ! ! ! ! to include pulsation-enhanced mass-loss (e.g. Neilsonstdre
1.8 2.0 2.2 24 2.6 2.8 3.0 [2008; Neilson et al. 2011). This mechanism is not curremy i

log P/Q cluded in our models, and its total predicted mass loss de-
: : N pends strongly on Cepheid lifetimes, i.e., on the positiod a
Fig. 13. Cepheid luminosity versus |dgQ for 5, 7 and M, models i1 of the |S. Observational constraints such as those by

in the second (solid lines) and third (dashed lines) crassiRotating . . o
models withw = 0.5 are shown in black, non-rotating models in gray'.vl""ttl"ews etal.[(2012) are crucial to further investigais t&-

At a given value of lo®/Q, logL can easily vary by more than 0.1 dexSU€-
(25%), depending ow as well as the crossing number. Hence, rotation
leads to an intrinsic dispersion of the period-luminoséationship. 4.2. Dependence on IS boundary definition
Clearly, adopting a given set of IS boundaries impacts tiee pr
- - o dictions obtained from our static evolutionary models,ldxe
diction that a Cepheid's luminosity depends orleads to the jng |5 poundary-dependent predictions for the range of fumi
question how this mayftect the PLR. L nosities, surface gravities, equatorial velocities, &tis prob-
Fig.[I3 shows the relation between the (logarithmic) lumfam “however, is common in Cepheid research, complicated by
nosity and the logarithm of the inverse average_densycyg/ﬁz model assumptions in the case of theoretical boundaries and
P/Q, cf. EqLI0) for the 57, and 9M, models with {» = 0.5) y the correction for reddening and extinction in obsenrei
and without rotation. Second and third crossings are distig,dies. In order to be sensitive to such systematiemdinces
guished by line style (soljdashed). Itis clear from the figures,, the predicted values, two fiérent IS boundary definitions
that a range of luminosities is predicted foffdrentw values ata \are employed, one theoretically (Bono et/al. 2000b) and one
given logP/Q. Models on diferent crossings can have the saMgmpirically-derived (Tammann et/al. 2003).
effect. Hence, the present models predict an intrinsic scatter 1,4 predictions obtained from the twoffdirent 1S bound-
luminosity at fixed lod®/Q that is due to luminosity dierences ary definitions do generally vary quite a bit, although not by

among crossings and initial rotation rates, enabled by thefi ;' jer of magnitude. Generaly speaking,the Tammann et al
width (in temperature) of the IS. Naturally, if the boun@arof - 5503 |5 js bluger, i.e., hotter, an?:i/thpereforg’predictseﬂomi—

f[he_IS_shquId d‘?pe”d on fOta“O'?* then this may asecathe Cepheids with higher surface gravity and surfaceiootat
intrinsic dispersion of the _Cephe|d PLR. Note .that _colorbr €As a result, the ‘average’ M-L relation for the Tammann et al.
fective temperature may likely be used to distinguish betwe03) |5 predicts even lower mass at a given luminosity than
the various luminosities associated with a given valuegR®Q ;¢ (Bono et al. 2000b) IS, although thefdrence is generally

(e.g. Tammann et al. 2003). < 1%. As seen in Fig_12 . g
. ) _ . . . , predicted rates of period change may
From FigL13 it appears that the maximaffdfence in 104~ 4156 depend on the IS boundaries adopted. Other predicted qu

(at fixed logP/Q) due to rotation can be larger than the one dygieq g ch as surface abundance enrichment, or Cephesctiage
to confused crossing numbers. However, it should be reme

fdt significantly d d on the IS definition.
bered that luminosity is relatively stable over a rangevdbr signricanty cepenc on the ennition

X . / . For a given position in the HRD, rotation lowers stellar
Cepheids of a given mass, cf. Figsk. 3 Bhd 4. Hence, the disper; : ; . 4.
sion due to rotation alone is probably not very large, and t Ban density hydrostatically, decreasing the temper

; . ) . fit. Thus, rotation is likely toffect the location of the IS bound-
differences due to the increased luminosity on the third Cressillias in the HRD. since pulsational instability depends hen t

(relative to the second crossing and at fixed$@) should be | -4tion of the partial He-ionization zone inside a starivee

the dominant source of dispersion in the PLR. lope as well as the total mass of helium in that region.«n
dependence of IS boundaries would require to replace ttenean
ical notion of a single sharply-defined IS with a transitiame
spanned by instability trips corresponding tdfelientw, with
4.1. Rotation vs. overshoot and the mass discrepancy implications for the question of purity of the IS. Such qims$

: . . . . shall be addressed in a future study focusing on the pufsatio
In Sec[3:2 we investigate Cepheid masses inferred usiaty rOFnstabiIity of the present models.

ing models and find that neglecting th&eet of rotation and

crossing number on luminosity can lead to errors in the oofler

magnitude of the mass discrepancy. Furthermore, the ‘geérag conclusions

M-L relationship of rotating models, i.e., neglecting tessing

number and using the average rotation tate 0.5, is consistent This paper presents the first detailed investigation of ffextof
with an M-L relation assuming significantly stronger oversts rotation on evolutionary models of classical Cepheids.Sthdy
ing. This degeneracy can be easily explained, since badtioat is based on the latest state-of-the-art rotating Genevaetsod

whose constituents formed following andistribution. The pre-

4. Discussion
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