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ABSTRACT

Context. We search for new variable B-type pulsators in the CoRoT data assembled primarily for planet detection, as part o f  CoRoT’s 
Additional Programme.
Aims. We aim to explore the properties o f newly discovered B-type pulsators from the uninterrupted CoRoT space-based photometry 
and to compare them with known members o f the ¡3 Cep and slowly pulsating B star (SPB) classes.
Methods. We developed automated data analysis tools that include algorithms for jum p correction, light-curve detrending, frequency 
detection, frequency combination search, and for frequency and period spacing searches.
Results. Besides numerous new, classical, slowly pulsating B stars, we find evidence for a new class o f low-amplitude B-type pul
sators between the SPB and 5 Sct instability strips, with a very broad range o f frequencies and low amplitudes, as well as several 
slowly pulsating B stars with residual excess power at frequencies typically a factor three above their expected g-mode frequencies. 
Conclusions. The frequency data we obtained for numerous new B-type pulsators represent an appropriate starting point for fur
ther theoretical analyses o f these stars, once their effective temperature, gravity, rotation velocity, and abundances will be derived 
spectroscopically in the framework o f an ongoing FLAMES survey at the VLT.

Key words. Methods: data analysis; Stars: oscillations; Stars: variables

1. Introduction T he study o f  s te lla r  o sc illa tio n s  fro m  th e  ex o p lan e t d a ta  o f  the

m issio n  is  p a r t o f  th e  A d d itio n a l P ro g ra m m e (W eiss e t al. 2 0 0 4 ). 

In  th e  fo r th ro m m g  m °n th s  rn d  yeare , th e  F r e n c h ^ u r o p e r n  m  th is  pap er, w e  fo c u s  o n  C o R o T ’s In itia l R u n  in  the  an ticen - 

Sp ace  m ^ s w n  C o R o T  (C on vec tio n, R o ta tio n  an d  p lan e ta iy  tre  d ire c tio n  o f  the  G alaxy (IR a01 ). W e firs t d esc rib e  o u r  m eth - 
T ransits  A u v e rg n e  e t al. 2 0 0 9 ), w ill  m easu re  b rig h tn ess  v aria - od s o f  ana ly sis , as fu tu re  ru n s w ill also  b e  a d d ressed  w ith  the 

tio n s  o f  ten s  o f  t ^ u s a n d s  o f  d ff ie ren t stare m  k s  ex o p lan e t p ro - sam e m ethodo logy . D u rin g  IR a01 , w h ic h  las ted  som e 55 days, 

g ram m e, w h h  a  p r e c M r a  t y p k d f y tw o  OTdere o f  m ag n tu d e  b e t-  the  C o R o T  satellite  w as p o in ted  a t a  fie ld  in  the  ga lac tic  p lan e , 

te r  th a n  w e c a n  acW eve fro m  gro uM -b asied  ^ s o v a t i r a s  today. toWards the  g a lac tic  an ticen tre  ( a  *  06  h 4 4 m ,  5  *  - 0 1 °  12'). 

T h is m e a ns th a t w e  a re a b le t o exte n d  the  sam p le  o f  k n o w n  p u l- W e are  fo c u s in g  o n  the  3  C ep  sta rs (e.g. S tank ov  &  H a n d le r 

sa tin g  sta rs to  c lass  m em bere  w h h  ta m te r  a p p ^ e m  m ag m tad e . 2 0 0 5 ) an d  slow ly  p u lsa tin g  B  sta rs (S P B s, W aelken s 1991) 

d isco v ered  in  th is  field . A  sh o rt desc rip tiv e  overv iew  o f  the 

"7 ~  ~  . m a in  p ro p e rtie s  o f  th ese  tw o  c lasses  is lis ted  in  T able 1. T here
S e n d  o ffp r in t re q u ests  to: P. Degroote . ■ ■ . < • i i

* T. ^  ^  ■ ■ j  . j  j  ■ * j  u is a  sm all o v erla p  b e tw e e n  th e ir  in stab ility  reg io ns, w h e re  h y 
* The CoRoT space mission was developed and is operated by the , . , , - , . . , , , . ,

French space agency CNES, with the participation o f ESA’s RSSD and b n ,d  p ^ O T S  o f  sPec tra l ty p e  n e a r  B 3, exh lb ltln g  b o th  hlg h - 
Science Programmes, Austria, Belgium, Brazil, Germany, and Spain. o rd e r g  an d  lo w -o rd e r p  m o d e s , are p r e d a te d  b u t n o t y e t  o b 
All frequency tables, including the identification o f combination fre- served. O n  the  o th e r h and , th ese  tw o  ty p es  o f  m o d es  have
quencies, are only available as online material b e e n  o b se rv ed  in  h o tte r  3  C ep  sta rs (v E ri: H a n d le r e t al. 2 0 0 4 ;

** Postdoctoral Researcher, Fonds de la Recherche Scientifique - 12 L ac: H a n d le r e t al. 2 0 0 6 ; y  Peg : C h ap e llie r  e t al. 2 0 0 6 ).
FNRS, Belgium T he m ech a n ism  th a t d riv es  th e  p u lsa tio n s  is  the  k  m ech a n ism

*** Postdoctoral Fellow o f the Fund for Scientific Research, Flanders (D z iem b o w sk i &  P am ia tn y k h  1993) b ec au se  o f  th e  F e-g ro u p
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Table 1. O v erv iew  o f  th e  m ain  p ro p e rtie s  o f  3  C ep  and  SPB  p u l 

sators.

Star type T’eff(K) Mass (Mq ) n  d ' 1) main modes
SPB 10 0 0 0 - 2 2  0 0 0 3 - 8 0.3 - 1 g modes

;8Cep 2 0  0 0 0 - 3 0  0 0 0 7 - 2 0 4 -  12 p modes

Fig. 1. D istrib u tio n  o f  v isu a l m ag n itu d es  (left) and  th e  ra tio  o f  

th e  lig h t cu rv e ’s s tan d ard  dev ia tion  to  the  m ean  o f  th e  flux  
(right).

Fig. 2. A veraged  F o u rie r p e rio d o g ram  o f  100 n o n -v a riab le  stars. 

T h e  in se t is a zo o m  on  th e  lo w -freq u en cy  reg ion . A  low - 

frequency  p o w erlaw  tre n d  is p re sen t, as are th e  1 and  2  day alias  

an d  th e  orb ita l freq u en cy  w ith  m an y o f  its h arm o n ics  and  day 

aliases.

opac ity  bu m p  a t T  ~  2  x  105 K , w h ich  m ean s th a t th e  ex c ita tio n  

o f  m o d es in  th o se  stars is sen sitive to  th e  b eh a v io u r o f  opac ity  in  

th e  ste lla r in te rio r and  to  the  abu n d an ce  o f  F e -g ro u p  elem ents.

I t  w o u ld  be  a h uge  loss o f  re so u rces  to  s ta rt an a ly sin g  all 

s tars in  the  C oR oT  d atab ase  on ly  to  study the  B -ty p e  p u l 

sators. T here fo re , w e re so rt to  the  re su lts  o b ta in ed  in  th e  fram e 

w o rk  o f  the  v ariab ility  classifica tio n  p ro g ram m e desc rib ed  in  
D e b o ssc h e r et al. (2 0 0 9 ), h e rea fte r te rm e d  C V C , w h ich  ex tracts  

a b asic  n u m b er o f  re lev an t p a ram ete rs  from  each  lig h t curve  to  
co m p are  th e m  w ith  tra in in g  sets  o f  stars o f  k n o w n  type.

In  th is  paper, w e fo cus on  all lig h t cu rves g iven  a  label 

o f  e ith e r 3  C ep  o r an  SPB  star. W e also  inc lude  the  5  S ct and  

y  D o rad u s  stars to  lim it th e  red  edge  o f  the  SPB  in stab ility  strip  

and  to  d iscuss p o ssib le  ove rlap  b e tw een  3  C ep  and  5  S ct stars, 

on  the  on e h and , and  b e tw een  SPB  an d  y  D o rad u s  stars on  the 

other, in  te rm s o f  lig h t cu rve p ro p e rtie s  (e .g ., frequency  values). 

In  to tal, 540  lig h t cu rves are ex tracted . W e em p h asise  th a t the 

re su lts  from  th e  C V C  classifie r are on ly  u sed  to  se lec t th e  in itial 

sam ple  o f  stars from  th e  C oR oT  database.

2. Description of the dataset and pre-processing

A ll da tase ts  are tak en  o v er a p e rio d  o f  55 d. Tw o tim e sam 

p lin g s occur, one  m easu rem en t every ~  32  s o r one every ~  512  s. 

T h is  sam p lin g  is n o t alw ays  co n stan t fo r one lig h t curve, it m ay  

ch an g e  fro m  lo w  tem p o ra l re so lu tio n  to  h ig h  tem p o ra l re so lu 

t io n  du rin g  th e  ob serv in g  run. T h e  m ag n itu d es  o f  the  stars in  the 

sam ple  lie b e tw een  12.1 and  16.6 an d  vary  o v er d ifferen t sca les

(F ig. 1).
To hav e an id ea  o f  th e  d iffe ren t k in d s o f  in stru m en ta l effects 

w e  can  expect, as w e ll as th e ir  im p ac t on  the  analysis , w e an a l 

y se d  100 co n stan t stars and  av erag ed  th e ir  F o u rie r  p erio dogram . 

T hey  w ere  se lec ted  w ith  th e  c rite rio n  th a t th e ir  d o m in an t fre 

quency  has  a  p -v a lu e  >  0 .01. F ro m  Fig. 2  w e  can  id en tify  at 

least th ree  differen t g ro u p s  o f  fe a tu res : a lo w -freq u en cy  po w er- 

law  tren d  due  to  in stru m en ta l drifts  (red  no ise), w h ich  b eco m es 

n eg lig ib le  a ro u n d  0 .4  d -1 , peak s a t 1 ,2 , and  4  d -1 and  p eak s co n 

n ec te d  w ith  the  o rb ita l frequency  due  to  tem p era tu re  changes. 

W e re fe r to  A u v erg n e  e t al. (20 09) fo r a d iscu ssio n  o f  th e  o ri 

g in  o f  th ese  in stru m en ta l peak s and  to  S am ad i et al. (200 6) for

a d esc rip tio n  o f  th e  C o R o T  d a ta  p ip e lin e  and  trea tm e n t o f  da ta  

du rin g  th e  passag e  o f  the  S o u th  A tlan tic  A nom aly .

T h e  m o st v a ria b le  fea tu re  is the  lo w -frequency  p o w erlaw  

tren d , b ecau se  o f  w h ich  w e  in tro d u ced  a  p re -p ro cess in g  step 

to  m in im ise  its p o ten tia l influence . Tw o p h en o m en a  add  up  to  

th is  trend : d isco n tin u ities  in  th e  lig h t cu rve  and  lo n g -te rm  e f 

fec ts , possib ly  o f  in stru m en ta l orig in . It is im p o ssib le  to  dec id e  

w h e th e r o r n o t th ese  lo n g te rm  tren d s are re a l v a ria tio n s in  the 

s ta r’s lig h t cu rv e, bu t b ecau se  w e  do en c o u n te r tren d s  su sp i 

c iously  lin ea r o r exponen tia l, w e  ch o o se  to  e lim in a te  them . T his 

also  m ean s  th a t w e effec tively  rem o v e p o ssib le  o sc illa tin g  b e 

h av io u r an d  in trin sic  tren d s  on  th e  tim esca le  o f  th e  tim e series  

itself.

L o n g -te rm  tren d s  are re m o v ed  in  th e  fo llow ing  ite ra tive way. 

F irst, ju m p s are d e tec ted  by  s lid in g  tw o  ad jacen t b in s o v er the 

ligh tcurve. P hy sica lly , w e only ex p ec t to  find  a g rad u al, co n 

tin u o u s  rise o r decay  in  th e  m easu red  flux. To acco m o d ate  fo r 

th e  d ep en d en ce  o f  am p litu d e  and  p re sen t pu lsa tio n s, w e  co m 

p are  th e  diffe rence b e tw een  the  av erage o f  th e  b in s  to  th e  overall 

d ifference . I f  at any p o in t th e  d iffe rence is to o  h ig h  to  be co n s id 

ered  con tinuous, as defined  by  th e  en tire  lig h t cu rv e, w e  iden tify  

th e  p o in t as a  d iscon tinu ity , p e rfo rm  a p iecew ise  d e tren d in g  o f  

th e  tw o  sep ara te  parts  o f  the  lig h tc u rv e  and  try  to  d e tec t o th er 

jum ps. I f  no  m o re  ju m p s are d e tec ted , the  p iecew ise  d e trend ing  

is red o n e  u sin g  th e  o rig in a l lig h t cu rve and  the  d isco n tin u ities  

p rev io u sly  de tec ted . T h ere  is som e arb itra rin ess  in  the  ch o ice  

o f  pa ram ete rs  (b in  w id th , th re sh o ld  v a lu e  etc.), so  they  w ere  

fix ed  em pirica lly . F o r th e  p iecew ise  detren d in g , the  b es t fit o f  

th ree  sim p le  m o d e ls  w as ch o sen  fo r each  p a rt; e ith e r a linear, 

a qu ad ra tic , or an  ex p o n en tia l trend . A n  ex am p le  is p ro v id ed  in 

F ig . 3.

3. Frequency analysis methodology

3.1. Basic treatment

To an a ly se  all ju m p -co rrec te d  and  d e tren d ed  lig h t cu rv es, w e  d e 

sc rib e  the  flux  F (t)  as

F (tj)  =  ¡i + C  + ^  A i s in (2 n ( f t  + 0 ) )  + ei , (1)
i=i
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Fig. 3. C o rrec tio n  o f  one d isco n tin u ity  in  the  lig h t cu rve  o f  SPB  

can d id a te  10 2815542. T h e  firs t p a rt and  seco n d  p arts  w ere  d e 

tren d e d  u sin g  a q u ad ra tic  p o ly n o m ia l and  ex p o n en tia l decay  

m o d el, respectively .

Fig. 4. R esu lt o f  a  s im u la tio n  study to  d e te rm in e  th e  n u m b e r o f  

in d ep en d e n t freq u en c ie s  in  th e  C oR oT  datase ts  ( so ld  line: evenly  

sp aced  case, N i =  2 N obs, d o tte d  line: fit th ro u g h  th e  s im u la tio n  

re su lts).

w h e re  ei is a  G au ssian  n o ise  co m p o n en t, i  th e  o b se rv ed  av 

e rage  flux  level, an d  C  a  usually  sm all co rrec tio n  p aram ete r 

on  i .  In  th is  m o d el, th e re  are n  n o n lin ea r p a ram ete rs  f¡, for 

w h ich  the  va lu es are es tim ated  u sin g  th e  L o m b -S carg le  v ers io n  

o f  the  d iscre te  F o u rie r tran sfo rm  (L om b 197 6 ; S ca rg le  1982). 

T h e  lin ear pa ram ete rs  A i and  <p¡ d esc rib e  the  am p litu d e  and  the 

ph ase  o f  th e  co rresp o n d in g  p u lsa tio n , respectively , and  are es 

t im a te d  by  o rd inary  least sq u ares  reg ression . T h e  e rro r on  the 

frequency  d ete rm in a tio n  (and  o th er pa ram ete rs) is ca lc u la ted  ac 

co rd in g  to  M o n tg o m ery  &  O ’D o n o g h u e  (1 9 9 9 ). T h ese  e rro r d e 

te rm in a tio n s  u n d eres tim a te  th e  real e rro r b ecau se  o f  co rre la tio n  

effects in  th e  data. In  o u r sam ple , th is  fac to r lies b e tw een  1 and  4 

fo r th e  firs t freq uency , and  d ecreases  fo r su b seq u en t freq u en c ie s  

(S ch w arzen b erg -C zern y  2 0 0 3 ).

T radition ally , the  frequency  accep tan ce  c rite rio n  o f  

B re g e re ta l .  (1 9 9 3 ), u sin g  a  s ig n a l-to -n o ise  ra tio  (S N R ) lo w er 

lim it o f  S N R  =  4 in  th e  am p litu d e  p e rio d o g ram  fo r a peak  to  

be  co n s id ered  g en u in e , h as  b een  p ro v en  to  be  very  su ccessfu l, 

s in ce  v ery  few  freq u en c ie s  id en tified  th is  w ay  ( i f  a t all) had  

to  be  re fu ted  afte rw ards. H o w ever, th e re  is no  ru le  ab o u t h o w  

larg e one  has  to  ch o o se  th e  in terva l in  th e  p e rio d o g ram  to  

u se fo r n o ise  ca lcu la tio n . S econd , th is  m e th o d  is n o t su ited  to  

d e tec tin g  reg io n s o f  p o w er ex cess, e ith e r du e to  dense ly  p ack ed  

freq u en c ie s  o r stochastica lly  ex c ited  freq uenc ies. T h ird , re la ted  

to  th e  p rev io u s argum en t, the  S N R  m eth o d  does  n o t g u aran tee  

that, i f  a p eak  is co n sid ered  as due to  no ise, th e re  is no  other, 

possib ly  even  sm aller, p eak  in  the  p e rio d o g ram  th a t is n o t  noise. 

T h erefo re , th e  S N R  m eth o d  is n o t fu lly  ob jec tive in  its use.

In stead  o f  u sin g  th e  c lassica l S N R  crite rion , w e m ake an as 

su m p tio n  on  w h a t th e  da tase ts  sh o u ld  lo o k  like  w h en  dev o id  o f  

in stru m en ta l effects and  v ariab ility  fro m  the  s ta r itself. A  re a 

so n ab le  (y e t n o t p e rfec t) a ssu m p tio n  is th a t w e are d ea ling  w ith  

w h ite  G au ssian  n o ise  and  th a t th e  n u m b er o f  d a tap o in ts  is large. 

D eg ro o te  et al. (2009 ) p ro v id e  an  ex tensive  d iscu ssio n  o f  th e  d e 

v ia tio n  from  w h ite  G au ssian  n o ise  and  have show n  th a t it can  be 

ig n o red  in  the  freq u en cy  an a ly sis , as long  as a  co rrec tio n  facto r 

fo r co rre la ted  d a ta  is used. U n d e r th is  assu m p tio n , th e  d is trib u 

t io n  o f  th e  S carg le p o w er sp ec tru m  (n o rm a lised  w ith  th e  to ta l 

v a ria n ce  o f  th e  data) b e lo n g s to  th e  ex p o n en tia l fam ily  (S carg le  
1982),

an d  th u s th e  no ise  level is lo ca ted  at a  h e ig h t o f  z  =  1. In  reality , 

w e  never te s t a  sing le  freq uency , b u t cover a w id e  ran g e  o f  p o ss i 

b le  freq u en c ie s , b e tw een  0 and  th e  h ig h es t de tec tab le  frequency , 

th e  N y q u is t frequency  fNy. In  theo ry , th is  n u m b er is w e ll-d efin ed  

reg ard less  o f  th e  tim e sp ac in g  (E y e r &  B arth o ld i 1999). In  p ra c 

tice , how ever, th is  frequency  is u su ally  to o  h ig h  to  be o f  any use 

(e.g. K o en  2 0 0 6 ). A  b e tte r  p rac tica l guess  fo r th e  N y q u is t fre 

qu ency  in  u n ev en  tim e  sam p lin g  is o b ta in ed  v ia

fNy =
1

2 A ?
(3)

w ith  A t in  o u r case the  va lue  o f  the  la rg er tim esteps.

To acco u n t fo r th e  s im u ltan eo u s tes tin g  o f  all freq u en c ie s  

u p  to  fNy, w e  apply  the  B o n fe rro n i co rrec tio n  (S carg le  1982) to  

E q. (2 ) :

P b (z )  = 1 -  [1 -  exp(z)] (4)

F o r equa lly  sp aced  data, th eo ry  p red ic ts  th a t the  n u m b er o f  in d e 

p en d e n t freq u en c ie s  N i b e tw een  0 en  fNy sca les w ith  th e  n u m b er 

o f  ob serv a tio n s N obs as

Ni =  2Nobs- (5)

P (z)  =  e x p ( -z ) , (2)

In  th e  case o f  u neven ly  sp aced  data, th is  pa ram ete rs  N i lo ses  

its m ean in g  (e.g . F re sc u ra  e t al. 2 0 0 8 ). H ow ever, a s im u la tio n  

s tudy show s th a t ex p ressio n  (5 ), co m b in ed  w ith  de fin ition  (3 ), 

tu rn s  o u t to  be  a u sefu l and  conserv ative  ap p ro x im a tio n  o f  the 

tru e  n u m b er o f  in d ep en d e n t frequenc ie s. F o r eig h t d ifferen t tim e 

tem p la tes  tak en  fro m  a  C oR oT  lig h t cu rv e, w e  g en e ra ted  10 000 

lig h t cu rv es  co n sis tin g  o f  w h ite  G au ssian  noise. N ex t, w e ca l 

c u la ted  the  h e ig h t z  o f  th e  m ax im u m  p eak  in  th e  S carg le peri- 

o dogram . T h ese  w ere  co m b in ed , and  a fa lse a larm  fu n c tio n  o f  

th e  fo rm  (4) fitted  th ro u g h  th e  data, to  de te rm in e  th e  free  p a 

ra m e te r N i . T he re su lt can  be  seen  in  F ig . 4 , and  sh ow s th a t the 

C oR oT  d a ta  a llo w  the  u se o f  E q. (5 ) .

A lth o u g h  the  sam p lin g  ra te  is u sually  m u ch  h ig h e r th an  

s trictly  n eed ed , w e  ch o o se  n o t to  re b in  th e  d a ta  o r to  convert the 

flux  to  m ag n itu d e , b ecau se  such  m an ip u la tio n s  a lte r the  sh ape  o f  

a  lig h t curve.
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3.2. Search for combination frequencies

In  p a rtic u la r cases, m o d e l (1) c a n  b e  ex p a n d ed  fu r th e r  to  lo w er 

th e  n u m b e r o f  d e p e n d en t p a ram e te rs  an d  th u s sim p lify  th e  m o d e l 

in  te rm s o f  f  . N eg lec tin g  th is  effec t im p lies  im p o sin g  a  lin ea r 

m o d e l o n  a ll o b se rv ed  lig h t cu rves, th u s  trea tin g  every  fo u n d  

p u lsa tio n  freq u en cy  as  a n  in d ep en d e n t m ode . Id en tify in g  d e p e n 

d e n t freq u en c ie s  c a n  b e  see n  as a  b as ic  c o rre c tio n  o f  the  lin ea r 

m o d e l fo r  n o n lin ea r effects:

F (t) = j  + C + I  Ak s in [2 n ( fkU + 0k)]

k=1
mf

+ ^  A i s in [2 n ( + 0 ) ]

(6)

1=1

w ith

fi = n \ f j  + i f  + i?3 f 3,

w h ere  n f  < n  an d  fi re p resen t co m b in a tio n  freq u en c ie s . 

T h is  m ig h t com e fro m  n o n lin ea r effects, e.g ., n o n lin ea r c o u 

p lin g  b e tw e e n  m o d es (B u ch le r e t al. 199 7 ; H a n d le r  e t  al. 2 0 0 6 ; 

D eg ro o te  e t  al. 2 0 0 9 , e.g .). In  m o d e l (6 ), the  lin ea r p a ram ete rs  

still have to  b e  fitted , b u t are so m etim es ex p ec ted  to  b e  in  p h ase  

o r  in  an ti-p h ase  w ith  e a c h  other. In  co n tra s t to  th e  w in d o w  f re 

quen c ie s, co m b in a tio n  freq u en c ie s  an d  h arm o n ics  a re  n o t a rtifi 

c ia lly  in tro d u ced , b ec au se  they have a  real p h y sica l in te rp re ta 

tion. It  is  th us im p o rta n t to  derive them .

T he sea rch  fo r  co m b in a tio n  freq u en c ie s  is  d o n e  in  the  fo l 

lo w in g  w ay: fo r  e a ch  freq uen cy, the  h arm o n ics  a re  id en tified  u s 

in g  a ll em p irica lly  fo u n d  freq u en c ie s  w ith  h ig h e r a m p litu d e  th an  

the one  u n d e r  in v estig a tio n . T hose  are  th e n  ex c lu d ed  fro m  the 

lis t o f  in d ep en d e n t freq u en c ie s . F o r  th e  re m a in in g  freq u en c ie s , 

a ll seco n d  an d  th ird  o rd e r  co m b in a tio n s  are  tes ted , a g a in  u sin g  

on ly  the  freq u en c ie s  w ith  h ig h e r am p litu d e , a n d  n o t p a r t o f  a  
c o m b in a tio n  so fa r  ( in  o rd e r to  avo id  h ig h e r o rd e r  ‘co m b in a tio n s  

o f  c o m b in a tio n s’). To keep  the  p a ra m e te r space m an ag eab le , f re 

q u en c ie s  o f  o rd e r  n  a re  only  co n sid e red  i f  a t leas t one  o f  o rd e r 

( n - 1 )  is  p rev io u sly  identified. W e are lim ited  b y  th e  to ta l tim e o f  

observatio ns, so th ere  is  som e am b ig u ity  in  the  ch o ice  o f  p o ss i 

b le  d ev ia tio n  fro m  the  ex a c t co m b in atio n . B ecau se  th e  R ay le ig h  

lim it o f  Lr  = 1 /T  is a  n a tu ra l m easu re  o f  m ax im u m  u n ce rta in ty  

o n  the  freq u en cy  d e term in a tio n , w e  co n sid e r th is  a  reaso n ab le  

v a lu e  to  te s t th e  p re sen ce  o f  com binations.

3.3. Search for period and frequency spacings

T h e v ariab ility  d e tec ted  in  SPB  sta rs is  in te rp re ted  as  s tem m in g  

fro m  lo w  deg ree , h ig h -o rd e r m o d es  w h o se  p e rio d s  a re  k n o w n  to 

b e  sen sitive  to  the  s tru c tu re  o f  the  s te lla r core. T h e  firs t-o rd er 

asy m p to tic  ap p ro x im a tio n  d ev e lo p ed  b y  T assoul (1 9 8 0 ) show s 

th a t th e  p e rio d  sp ac in g  (A P )  b e tw e e n  m o d es o f  co n secu tiv e  o rd e r 

a n d  sam e d eg ree  is  co n stan t an d  c a n  b e  ap p ro x im a te d  as

A P  = 2 n  | L  f  — d x

JxQ X
(7)

Fig. 5. T h eo re tica lly  p re d ic ted  a sy m p to tic  I  =  1 p e rio d  spac in g  

o f  h ig h -o rd e r g  m o d es (A P )  as a  fu n c tio n  o f  th e  effec tive te m p e r 

a ture. A P  is c o m p u ted  fo r  m ain -seq u en ce  m o d e ls  w ith  m asses  

b e tw e e n  2 .5  an d  8 MQ, w ith  (fu ll line) a n d  w ith o u t (d ash ed  line) 

o v ersh o o tin g  fro m  th e  convectiv e co re . T he hea v y -e lem e n t m ass 

fra c tio n  a ssu m ed  in  th e  m o d e ls  is Z  =  0 .02.

a llow  d irec t in fe ren ces o n  the  n ear-co re  stru c tu re  o f  B  stars. A  

th eo re tic a l e s tim ate  o f  the  ex p ec ted  average  A P  fo r  I  =  1 m odes 

is  re p o rted  in  F ig . 5, w h e re  m ain -seq u en ce  m o d els  b e tw e e n  2 .5  

an d  8 MQ , co m p u ted  w ith  an d  w ith o u t o v ersh o o tin g , are co n 

side red. W e have to  reca ll, how ever, th a t su ch  a  re g u la r p e r io d  

sp ac in g  co u ld  b e  stro ng ly  a ffec ted  b y  the effec ts o f  ro ta tio n  o n  
su ch  lo n g  o sc illa tio n  p e rio d s  (see e.g . D z iem b o w sk i e t  al. 1993 

fo r  a  d iscu ssion).

A n a lo g o u sly  to  the  case o f  g -m o d e  p erio d s, a  re g u la r f re 

qu en cy  sp ac in g  c a n  o c c u r fo r  p  m od es . O th e r s itua tio ns w h e re  a 

fo rm  o f  sp ac in g  c a n  b e  fo u n d , is  in  freq u en cy  m u ltip le ts  o r ig i 

n a tin g  fro m  s te lla r ro ta tion , w h e re  d ev ia tio n s fro m  th e  e q u id is 

tan ce  case c a n  a lso  occur. A  system atic  sea rch  fo r  re cu rre n t f re 

q u en c y /p e rio d  sp ac in g s th e re fo re  re p resen ts  a  v a lu ab le  to o l fo r  a 

th eo re tica l in te rp re ta tio n  o f  th e  la rg e  n u m b e r an d  v arie ty  o f  p u l 

sa tin g  sta rs d e tec ted  b y  C oRoT. T h e  to ta l tim e sp an  o f  55 days 

fo r  th e  In itia l R u n  p u ts  a n  u p p e r  lim it o f  ~  0 .0 2  d -1 o n  the  f re 

quency  re so lu tion . F o r  r ic h  SPB p u lsa to rs , th e  freq u en c ie s  are 

ex p e c ted  to  b e  d en se ly  packed , th u s d e tec tin g  p e rio d  spac ings 

m ay  b e  difficult.

To d e tec t sp ac in g s in  a  lis t o f  freq u en c ie s  ( f1 , . . . , fn) o r  

p e r io d s  ( P i , . . . ,  P n), w e  u se  th e  K o lm o g o ro v -S m irn o v  te s t o f  

K a w a le r  (1 98 8) an d  th e  inv erse v a rian ce  te s t o f  O ’D o n o g h u e  

(1 9 9 4 ). In  ad d itio n , a  th ird  new  te s t is  p ro p o se d  here. F o r  the 

latter, w e firs t co n stru c t a  v e c to r  co n ta in in g  a ll p o ss ib le  d iffe r 

en ces  b e tw e e n  the p erio ds. T h is  w ay, w e are  le ft w ith  a  v ec to r 

o f  len g th  B in o m (n , 2), an d  e lem en ts  A y  =  P  -  P j .  F o r  a  te s t 

sp ac in g  A P , w e  ca lcu la te  fo r  e a c h  e lem en t o f  th ese  en trie s  Ay,

w h ere  L  = [1(1 + 1 )]1/2 (w ith  I  th e  m ode deg ree), x  th e  n o rm a l 

ized  rad ius, x0 co rresp o n d s  to  th e  b o u n d a ry  o f  the  conv ective 

co re a n d  N  the  B ru n t-V a isa la  freq uen cy . M o re over, as sh o w n  by  

M ig lio  e t al. (2 0 0 8 ), d ev ia tio n s fro m  a  u n ifo rm  p e rio d  sp ac in g  

are  very  sens itive p ro b e s  o f  the  ch em ica l co m p o sitio n  g ra d ie n t 

in  the  s ta r th a t dev e lo p s n e a r  the  ed g e  o f  the  co nvective  core. A  

so u n d  d e tec tio n  o f  p e rio d  sp ac in g  in  SPB sta rs w o u ld  th e re fo re

r  = A ij -
A v  

A P
AP, (8)

w h ere  |_xj is th e  g re a te s t in teg e r sm alle r th a n  x. W e c o u n t the 

n u m b e r so o f  e lem en ts  in  the  in te rv a ls

so ^  [0, e] U [ A P -  e, A P ]■
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T his n u m b er s  c ap tu res  th e  o b serv ed  ex trem e v alues , w h ich  are 

de fin ed  th ro u g h  the  cu sto m izab le  to le ran ce  p a ram e te r e. I f  w e 

assum e th a t th ese  diffe rences are u n ifo rm ly  d is tribu ted , w e can  

ex p ress  th e  ex p ec ted  n u m b e r s e o f  ex trem e v alu es  by

Se =
2e

Ä P
.ni.

A p p lica tio n  o f  th e  p la in  m a trix  te s t im p lies  co m p u ta tio n  o f  the  

p  va lue  acco rd in g  to

P ( X i e [ 0 , £] U [ A P - £, A P \ ) = ^ p .

T h is  te s t is ap p ro p ria te  i f  som e p erio d s  are m issin g  o r n o t d e 

tec ted . H o w ever, w e  m ay  p re fe r to  on ly  take  th o se  p a irs  in to  

acco u n t fo r w h ich  the d ifference b e tw e en  th e  tw o  m em b ers  is 

exa c tly  A P , and n o t a m ultip le . T h is w e ca n  do  u s in g  th e  d is tin c t 

n u m b e r test. I t  w o rk s the  sam e as th e  m a trix  te st, ex c ep t th a t w e  

keep  trac k  o f  th e  te rm

m =
Aij

A P
A P

fro m  E q. (8 ) . O nly th o se  sp ac in g s w h ere  m  =  1 an d  r  < e  o r 

w here  m  =  0 and  A P  -  r  < e  are co n sid e red  as v a lid  p e rio d - 

spac in g  cand ida tes. T he p o ss ib le  d isad v an tag e  o f  u s in g  th is  te s t 

is th a t w e can  en d  u p  w ith  a lo t o f  p e rio d s  b e lo n g in g  to  the sam e 

A P , b u t w h ere  no  single tr ip le t is detec ted. O f  co u rse , th is  can  

be  an ad van tage  as w ell, e .g ., in  the  sea rch  fo r ro ta tio n a l sp lit 

t in g s ; the m a trix  d is tin c t n u m b e r te s t w ill d e tec t d o u b le ts  w ith  

the sam e spac ing , fa r ap a rt a round  d iffe ren t frequenc ie s. F in ally , 

i f  w e are in te re sted  in  the n u m b er o f  p e rio d s  b e lo n g in g  to  each  

te s t sp ac in g  A P , w e  can  s im ply  co u n t the n u m b e r o f  d iffe ren t 

p e rio d s  b e lo n g in g  to  each  te s t spac in g  p e rio d  set.

To illu stra te  th e  p e rfo rm an c e  o f  th ese  tes ts , w e sim u la te  a 

co llec tio n  o f  p e rio d s , in  w h ich  w e hav e p u t 3  d iffe ren t spac ings 

(in  arb itra ry  un its): A P 1 =  0 .1315  (8 p e rio d s), A P 2 =  0 .4 332  

(6 p e rio d s), and  A P 3 =  0 .3 5 7 9  (3 perio ds). O n  to p  o f  that, 

w e  ad d ed  8 ran d o m  p erio d s , to  arrive at a to ta l n u m b e r o f  25 

periods. W e ad d itio n ally  allow ed  each  p e rio d  to  dev ia te  from  

the rig id  sp ac in g  acco rd in g  to  a ra n d o m  n o rm al flu c tu a tio n  o f  

a  =  0 .0005 . T h e re su lts  o f  th e  d iffe ren t tests  are sho w n in  

F ig . 6: th e  K o lm o g o ro v -S m irn o v  te s t loca tes  o n ly  th e  m o s t o b v i 

ou s p e rio d  spac in g , b u t suffers fro m  a s tro n g  b ifu rc a tio n  artifact, 

alre ady  n o ticed  b y  K aw ale r (1 9 8 8 ). T he inv erse v arian ce  tes t 

show s lack  o f  p o w er in  th is  dense  p ac k  o f  p e rio d s; it  is o n ly  able 

to  d e tec t a sp ac in g  o f  A P 1/2 . T h is  co n trasts  to  th e  m a trix  tests; 

th e ir  s ta tistic  is a lm o st d evo id  o f  n o ise , and  on ly  show  p eak s  at 

the true  p e rio d  spac in gs and  th e ir  m ultip les. T h e m a trix  te s t and 

d is tin c t n u m b er te s t show  g re a t s im ilarity  in  th e ir  p ea k  s tructu re , 

becau se  th ey  h ave  the  sam e b asic  ca lcu la tio n  m ethod . T h e re a 

son  th e  m a trix  te s t favou rs  th e  la rg e r sp ac in g  A P2, a lth o u g h  it 

h as  few er m em b ers  th an  A P 1 , is h o w  w e se t u p  the  statistic: w e  

gave la rg e r sp ac in g s less ch ance  o f  happen in g .

R eg ard le ss  o f  th e  succes  o f  th ese  tests, w e  m u s t be ca re fu l 

in  in te rp re tin g  the  results : b ecau se  o f  the  occu rren ce  o f  o th er 

ra n d o m  p erio d s , w e m ay  b y  ch an ce  p ic k  u p  o th e r p a irs  o f  p e rio d s 

w ith  the sam e spac ing , b u t to ta lly  u n re la ted .

4. Evaluation of the newpulsators

4.1. Additional Stromgren photometry

To d eterm in e  th e  effec tive tem p era tu re  Teff and  g rav ity  lo g  g  

o f  th e  stars in  th e  in itia l ru n , S tro m g ren  p h o to m etry  w as o b 

ta in ed  u s in g  th e  W ide F ie ld  C am era  a ttach ed  to  th e  Isaac  N ew ton

Fig. 6. O utcom e o f  d iffe ren t te s ts  fo r p e r io d  spac in gs o n  a s im 

u la ted  set o f  perio ds. In p u t sp ac in g s A P i and  d e tec ted  sp ac 

ings APJ. w ere  eq u a l fo r A P 1 =  0 .1315  an d  A P 2 =  0 .4332. 

F o r the  th ird  sp ac in g  A P 3 =  0 .3579 , the d e tec ted  sp ac in g  w as 

A P 3 =  0 .3576. T h e (to p  p a n e i)  K o lm o g o ro v -S m irn o v  te s t w ith  

the ty p ica l b ifu rca tio n , and inverse  v a ria n ce  te s t (se co n d  pan el)  

do n o t d e tec t all spac ings. T he d is tin c t n u m b e r te s t ( th ird p a n e l)  

and m a trix  te s t (b o tto m  p a n e l)  are  m o re  su itab le  to  d e tec tin g  the 

spacings.

T elescope  at the L a  P a lm a  observa to ry , Spain . B ecau se  o f  tim e 

co n stra in ts , n o  ¡3 in d ex  m easu rem en ts  co u ld  b e  ob ta ined . T his 

im p lied  th a t w e d id  n o t hav e a d irec t m easu rem en t o f  th e  gravity . 

W e th u s  p ro c eed e d  in  an ite ra tive w ay. F irst, w e co m p u ted  the 

d ered d en ed  p h o to m etric  in d ices  b y  u s in g  an ap p ro p ria te  sp ec 

tra l ty p e  fo r each  o f  th e  pu lsa to rs : B 2 V  fo r the  can d id a te  3 C ep  

stars, B 5V  fo r the  can d id a te  SPB s, A 2 V  fo r th e  8 S ct can d id a tes , 

and F 2V  fo r th e  y  D o r cand id a tes . N ex t, w e u se d  c0 to  p re d ic t the 

3  in d ex  fo llo w in g  th e  re la tio n  b e tw e en  th ese  tw o  q u an titie s  d e 

r iv ed  b y  B a lo n a  (1 994 ) fo r m a in  seq u en ce  stars. In  fact, B a lo n a  

(1 9 9 4 ) h as  show n  th a t th is  p ro ced u re  h as  advan tages o ver u s 

in g  the  m easu red  in d ices  to  co m p u te  3, due to  im p erfec tio n s  in  

the ca lib ra tio ns. W ith  th ese  d e red d en e d  in d ices  and  3 estim ates, 

the effec tive tem p era tu res  an d  g rav ities w ere  su b seq u en tly  e s ti 

m ated , u s in g  B a lo n a’s (1 9 9 4 ) ca lib ration .
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T h e p ro c ed u re  d esc rib ed  ab ove deliv ers an es tim ate  o f  Teff 

and  lo g g  w ith  an in tern a l erro r, i.e ., an  e rro r assu m in g  th a t the  

d e red d en e d  in p u t co lo u rs  are erro r-free . I t  is  w e ll kn o w n , h o w 

ever, th a t th is  p ro c ed u re  fo r d e te rm in in g  the fu n d am en ta l p a ra m 

e te rs su ffers fro m  system atic  u n ce rta in tie s  co n n ec ted  w ith  the  

lim ita tio n s o f  the m o d e l g rid s  u sed  to  ex p la in  the b eh a v io u r o f  

stan d ard  stars. To g e t a h an d le  o n  th ese  system atic  e rro rs , w e  
also  u sed  th e  ca lib ra tio n s  o f  M o o n  &  D w o retsk y  (1 9 8 5 ), w h ich  

are va lid  a long  th e  en tire  m a in  sequence  as w ell. T he stan dard  
d ev ia tio n  b e tw e en  th e  v a lu es fo r Teff and  lo g  g  de riv ed  from  

B a lo n a ’s (1 9 9 4 ) and  M o o n  &  D w o re tsk y ’s (1 9 8 5 ) ca lib ra tio n s 

w as co n s id ered  to  b e  a g o o d  ap p ro x im a tio n  o f  th e  system atic  

u n ce rta in tie s , so th ese  w ere  ad d ed  to  th e  s ta tistica l erro rs.

A s a te s t o f  th e  v a lid ity  o f  the o b ta in ed  fu n d am en ta l p a ra m e 

te rs  fo r th e  n ew  B -ty p e  can d id a te  p u lsa to rs , w e p laced  all stars  in  

the H R D  and  co m p ared  th e ir  p o s itio n  w ith  the in stab ility  strip s 

(F ig. 7 ). T he n u m ero u s  new  8 S ct stars m a tch  th e  classica l in s ta 

b ility  s trip  perfec tly , w h ich  g ives  u s  co n fidence  th a t th e  estim ates  

o f  Teff and  l o g g  o b ta in ed  fro m  o u r p ro c ed u re  are app rop riate.

F ro m  Fig. 7 w e see th a t th e  c lassifica tio n  is ve ry  p o w er 

fu l fo r ex trac tin g  can d id a te  new  p u lsa to rs  fro m  a la rg e sam 

p le  o n  th e  b asis  o f  w h ite -lig h t p h o to m etry  alo ne (as d o n e  in  

D eb o ssch er e t al. (2 009)), b u t it is n o t p e rfec tly  re liab le  on  the 

sca le o f  ind iv id u a l stars. M oreover, w e do n o t ex p e c t so  m an y  

can d id a te  3  C ep  stars co m p ared  to  SPB s and  8 S ct stars, co n s id 

e r in g  th e  m ass-d ep en d en ce  o f  th e  in itia l m ass  fu n c tio n  and  o f  

m ain -seq u en ce  life tim es: th is  im p lies  th a t sev era l o f  th em  m ig h t 

have a d iffe ren t character. W e th ere fo re  d ec id e d  to  reg ro u p  all 

new  can d id a te  B  stars  in  th e  sam ple , b y  u s in g  the  Teff an d  lo g  g  

in fo rm atio n , a lo n g  w ith  th e  o b ta in ed  freq u en cy  spectra . T his ad 

d itio n a l c lassifica tio n  shou ld  allow  a b e tte r  d is tin c tio n  b e tw een  

the c lasses  o f  p u lsa to rs  alo n g  th e  m a in  sequence  th an  ju s t  u s in g  

the w h ite -lig h t p h o to m etry  alo ne, since  w e ad d  in fo rm atio n  on  

the fu n d am en ta l p aram eters . T h e new  c lu ste rs  w e o b ta in  in  th is  

w ay  are d iscu ssed  by  m ean s  o f  ty p ica l and  a typ ica l ex am ples, 

som e o f  w h ich  are show n  in  th e  tex t, w h ile  o thers  are re p o rted  

in  the  e lec tro n ic  A p p e n d ix  A.

4.2. Candidate pulsators situated between the SPB- and 

8 Sct instability strips

T he m o s t o b v io u s re su lt fro m  Fig. 7 is u n d o u b ted ly  th e  ap p ear 

ance o f  p -m o d e  ty p e  varia tio n s (in  te rm s o f  freq u en cy  va lues), 

n o t on ly  fa r fro m  th e  th eo re tica l 3  C ep  in stab ility  strip , b u t also  

ou ts id e  a n y  in stab ility  strip . P art o f  th is  d isc rep an cy  can  b e  a t 

tr ib u ted  to  th e  C V C  n o t co n ta in in g  c lasses o f  sp o tted  o r d if 

fe ren tia lly  ro ta tin g  stars , o r e llip so id a l v ariab les . U navo idab ly , 

the m a in  freq u en cy  o verlaps w ith  th e  3  C ep  p u lsa tio n  ra n g e  fo r 

som e o f  th ese  stars. M oreover, m an y  h o t stars  in  o u r sam ple  tu rn  

o u t to  be g o o d  B e sta r ca n d id a tes  (N einer, p riv ate c o m m u n i 

ca tion). T hese are o r w ill be stu d ied  and p u b lish ed  elsew here  

(G u tie rrez -S o to  e t al. 2 0 0 8 ; E m ilio  e t al. 2 0 0 9 , and  fu tu re  p a 

pers).

T h e on ly  re m a in in g  3  C ep  can d id a te  is C oR oT  1028 13 27 1, 

w here  tw o  freq u en c ie s  are d e tec ted  in  th e  ty p ica l p -m o d e  fre 

quen cy  reg im e: f 1 *  5 .7 9 d -1 , f2 *  5 .51 d -1 an d  a th ird  fre 

quen cy  f3 *  0 .23 d -1 in  th e  g -m o d e  reg im e. B ecause  o f  its low  

am plitu de  and  lo n g  p erio d , th e  g -m o d e  freq u en cy  can  po ssib ly  

be  in flu en ced  b y  in s tru m en ta l effects.

T h e ob jec ts  o n  th e  re d  side o f  th e  in stab ility  strip s do 

n o t co n stitu te  one  u n ifo rm  group. T h a t th ey  all vary  o ver the  

sam e tim esca le  im p lies  th a t th e  C V C  classified  th em  as 3  C ep 

stars. H ow ever, lo o k in g  b ey o n d  th e  firs t few  freq u en c ie s  reveals 

th e ir  d is tin c t ch arac te ristic s: C oR oT  1028 33 54 8, 1028 48 98 5,

Fig. 7. L o ca tio n  o f  ta rg e ts  in  a ( Teff,lo g  g) d iag ram . T he SPB 

star ca n d id a tes  (w h ite  dots, 66 sta rs) occu p y  th e  th eo re tica l in 

s tability  strips  w e ll (g re y  d a sh ed  iines), ex c ep t fo r a few  o u t 

lie rs  (see tex t). T he sam e h o ld s  fo r th e  92 8 S ct can d id a tes  ( lig h t  

g re y  dots), b u t n o t fo r the  43 3  C ep ca n d id a tes  (d a rk  g re y  dots). 

A rro w s d en o te  outlie rs : th e  co o l o u tlie r C oR oT  102818 32 5 from  

the 3  C ep can d id a tes  is p ro b a b ly  a binary . T he tw o  co o l o u t 

lie rs  o n  the  8 S ct side each  hav e on ly  tw o  d e tec ted  freq uen cies: 

C oR oT  1029 21 00 9 has  f 1 *  8 d -1 , f2 =  f 1 / 2  (p ossib le a b inary ), 

and C oR oT  10 2787451 h as  f  *  1 7 .4 d -1 , f2 *  1 6 .5 d -1 .

102 92 24 79 , and  to  a le sse r ex ten t also  th e  a lm o st co n stan t 

sta r C oR oT  10 2850576 , hav e a w e ll-s tru c tu red  freq u en cy  sp ec 

tru m  co n sis tin g  o f  eq u a lly  spaced  freq u en c ie s  (F ig. A . 1 in  the 

A p pend ix ). T he re su lts  o f  the  spac in g  tes ts  and  a tim e-freq u en cy  

ana ly sis  o f  the d e tren d ed  lig h t cu rv es are show n in  F ig s  8 and 

9, an d  in d ica te  th a t a sp ac in g  o f  -  0 .70  d -1 is co m m on . T he 

am p litu d e  o f  the m a in  p eak s  are  o f  th e  o rd e r o f  0 .1% . T h e fre 

quency  ra n g e  o verlaps th a t o f  3  C ep  stars  o n  th e  low  side, bu t 

also  reach es lo w er frequenc ie s . T he d e te rm in ed  tem p era tu res  

p lace  all th ese  stars  co n sis ten tly  b e tw e en  th e  SPB and  6 S ct in 

s tability  strips.

C oR oT  1028 61 06 7, 10 279 0063 , 10 27 90331 , 102729 53 1, 

1028 62 45 4 and  102 77 10 57  co n stitu te  a second  w ell-sep ara ted  

group. T h ey  share a co m p lex  freq u en cy  sp ec tru m  co n ta in in g  

b e tw e en  - 2 0  an d  - 1 7 0  s ign ifican t p eak s  sp read  o v er a w ide  

range  an d  am p litu d es b e low  0.1% . Two ex am p les  are show n in  

F igs A .2  and  A .3 , w h ile  schem atic  o sc illa tio n  sp ec tra  are show n 

in  F ig . A .4  in  th e  A p pend ix . D ense  ‘fo re s ts ’ o f  c lo se ly  spaced  

p eak s are id en tified  a ro u n d  som e frequenc ie s. B ased  o n  th e  55 

day s o f  p h o to m etric  o b serv a tio n s alon e, it  is h a rd  to  m ak e the 

d is tin c tio n  b e tw e en  rea l m u ltip le ts  and n o n -s ta tio n a rity  o f  the 

am plitudes.

C lose  to  th e  6 S ct in stab ility  strip , th ere  is an o th er 

sm all g ro u p  o f  m u ltip e rio d ic  v ariab les : C oR oT  102933 85 5, 
102 70 34 84 , 102 850502 , an d  10281 67 58 . A lth o u g h  th ese  stars  

have a r ich  freq u en cy  sp ec trum , th ey  are d iffe ren t fro m  th e  p re 

v io u s g ro u p  b ecau se  th e ir  sp ec tru m  sho w s m o re  iso la ted  fre 

qu en c ie s  w ith  h ig h e r am p litu d es ( -  0 .5% ). S ch em atic  o sc illa 

t io n  sp ec tra  are p ro v id ed  in  F ig. A .5.

N e a r  th e  b o rd e r o f  the  SPB  in stab ility  strip , fo u r m o n o p e- 

riod ic  v aria b les  are  v is ib le : C oR oT  102 92 17 97 , 102774 51 2, 

102 88 91 44 , and  102872474 . T he  d is tin c tio n  b e tw e en  m o n o p e- 

riod ic  o sc illa tio n  and  spots is d ifficu lt to  m ak e w ith o u t c o lo u r or 

sp ec tra l in fo rm ation .
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Fig. 8. S elec tion  o f  sp ac in g  te s t resu lts: (le ft)  the  inverse  v aria n ce  te s t o f  d e tec ted  freq u en c ie s  in  C oR oT  102922479  in d ica tes  a 
sp ac in g  o f  0 .7 8 d -1 . T he m a trix  n u m b er (m idd le)  te s t g ives a c lea r sp ac in g  o f  0 .7 4 d -1 in  C oR oT  1028 48 98 5. T he K o lm o g o ro v - 

S m irn o v  (righ t)  te s t ap p lied  to  C oR oT  102 83 3548  reveals a sp ac in g  o f  A P 1 =  0 .6 6  d -1 , bu t do es n o t exc lu de  A P 1 /2  as an  alte rna tiv e  

possib ility .

Fig. 9. T im e-freq u en cy  ana ly sis  o f  C oR oT  102822479  (left), 1028 48 98 5  (m idd le), and  1028335 48  (rig h t). T h e  spac in gs fo u n d  (see 

F ig . 8) an d  th e ir  d eriv ed  frequency  m em b ers  are d ep ic ted  by th e  h o rizo n ta l sh o rt lines, ve rtica lly  connected .

T h e m ain  p o w er o f  all o f  th e  above  stars is lo ca ted  in  th e  ex 

p ec te d  3  C ep  p u lsa tio n  range . H o w ever, som e o f  th e  stars on  the 

re d  side  o f  th e  S P B  instab ility  s trip  sh o w  v aria b ility  on  lo n g er 

tim e  sca les (<  4 d -1 ), e.g. F ig s A .6  an d  A .7 in  A p p e n d ix  A. 

N o t all o f  th is  p e rio d ic  v ariab ility  is s inuso id a l o r even  ap p ro x 

im ately  s inusoida l. T he b es t ex am p le  in  th is  re sp ec t is C oR oT  
10 2762284 , fo r w h ich  th e  s in u so id a l v aria tio n  is su p erp o sed  on 

a la rg e r sca le ou tb u rs t-lik e  varia tio n  (Fig. A .8 ) .

A  sum m ary  o f  th e  in te rp re ta tio n  o f  th e  cool, sh o rt-te rm  (i.e.

3  C ep-like) can d id a te  p u lsa to rs  in  th e  log  Teff -  log g  d iag ram  is 

show n  in  F ig . 12.

4.3. SPB candidate examples

A s is c lea r fro m  Fig. 7, th e  S P B  star can d id a tes  fro m  the  in itial 

classifica tio n  ag ree  w ith  th e ir  in s tab ility  strip . T h e  15 c lea rest 

SPB  cand id a tes , in  o rd er o f  dec reasin g  am p litu d e , fro m  -  1% 

to  -  0 .2% , are C oR oT  10 2844894 , 102 754851 , 10272 88 30 , 

102 855391 , 10273 92 46 , 10 2797587 , 10 2938439 , 1027 69 848 , 

102 848506 , 10284 85 06 , 102956 19 7, 102 943966 , 102968 674  

and  1028 71 66 8. T h e ir effec tive tem p era tu re  and  g rav ity  loca tes 

th em  w ell w ith in  th e  th eo re tic a l SPB  in stab ility  strip . B esid es the 

ty p ica l clo sely  sp aced  g  m o d e  pu lsa tio n s, w e  also  find  a  re sid -

0.0 0.2 0.4 0.6 0.8 1.0
P h a s e

Fig. 11. B in ary  system  C o R o T  102725806  w ith  an o rb ital fre 

quency  f  =  2 .9 2 5 (7 ) d -1 . B lack  circ les are d a ta  po in ts , d a rk  grey 

c irc les are p h ase -b in n ed  d a ta  po in ts , th e  lig h t grey line is a fit u s 

ing  7 h a rm o n ics, d e te rm in ed  v ia  consecu tive  prew h iten ing .

ual p o w er ex cess bu m p  in  a  frequency  b an d  ab ove 1 .5-2 d -1 for 

th e  m ajo rity  o f  th ese  stars, w e ll sep a ra ted  fro m  the  ty p ica l SPB
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Fig. 10. B -ty p e  p u lsa to r can d id a tes  on  th e  re d  side o f  the  SPB  in stab ility  strip . Som e o f  th ese  stars sh o w  clear, s tab le oscillations. 

(top) C oR oT  102 81 6758  (t0= 2 5 9 3 .0 7 0 5  C JD , f 1 *  3 .6 d -1 ), (m iddle)  C oR oT  10 28 33548  (t0 = 2 5 9 3 .0 7 0 5  C JD , f 1 *  4 .0 d -1 ), (bo t

tom ) C oR oT  102850502  (t0= 2 5 9 3 .0 7 0 5  C JD , f  *  5 .0 d -1 ). L ig h t cu rves w ith  h ig h  tim e  re so lu tio n  w ere  b in n ed  p e r - 1 0  datap o in ts  

fo r v is ib ility  reasons . T h e  b lack  line  re p resen ts  the  fit from  w h ich  the  sa te llite o rb ita l frequency , its ha rm o n ics, and  its aliases w ere  

filte red  out.

Fig. 14. (to p  p a n e l)  S ho rt T im e F o u rie r T ran sfo rm atio n  o f  the  resid u a l lig h t curve o f  C o R o T  10293 84 39, a fte r p rew h ite n in g  a 

n o n lin ea r fit w ith  all d e tec ted  sign ifican t freq u en c ie s  b e lo w  - 1 .5  d -1 . T h e  h ig h es t am p litu d e  freq u en c ie s  in  th e  re sid u a ls  clearly  

sh o w  m o d u la ted  am plitudes. (b o tto m  p a n e l)  A  b in n ed  v ers io n  o f  the  resid u a l lig h tcu rv e  c learly  show s th e  la rg est tem p o ra l variab ility  

n ea r day 25 o f  th e  lig h t cu rv e, w ith  som e sm aller ‘o u tb u rs ts ’ as w ell.
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Fig. 12. L o ca tio n  o f  3  C ep  can d id a te  p u lsa to rs  in  th e  log Teff -  

log  g  d iag ram  w ith  a d e te rm in ed  Teff to o  low  to  be  a real 3  C ep  

star: 6 S ct like v ariab les  (b lack  dots), m o n o p erio d ic  3  C ep  can 

d id a tes  (w h ite  d o ts), rich  p u lsa to rs  (g rey  d iam o n d s) ,an d  ta rg e ts 

w ith  eq u id is tan t freq u en cy  sp ac in g  (b lack  w h ite  d iam o n d s).

Fig. 15. O rig inal p e r io d o g ram  o f  C oR oT  102 93 84 39. T he in se t 

is th e  am p litu d e  sp ec tru m  o f  th e  re sid ua ls , a fte r p rew h ite n in g  

all sign ifican t freq u en c ie s  b e lo w  -  1.5 d -1 . G rey so lid  line is a 

G au ssian  sm o o th in g  w ith  a  = 0 .07 5 d -1 . T he b lack  so lid  line 

den o tes  th e  m ean  n o ise  level, th e  d o tted  lin e is th e  9 9%  signifi 

cance  level.

Fig. 13. C oR oT  102938 43 9: ex cerp t o f  o rig ina l lig h t cu rve and  

fit (so lid  g rey  line), a ro u n d  a tim e w here  th e  am p litu d e  is te m 

p o ra rily  d riv en  to  a h ig h e r level. T he ty p ica l shap e o f  sh a llow  

m in im a  and  sharp  m ax im a  is v isib le.

p u lsa tio n  ra n g e  p re d ic ted  fo r ex c ited  m o d es o f  I  <  3 m odes. 

T he th eo re tica l in stab ility  strip  reach es th e  o b se rv ed  ran g e  o f  

freq u en c ie s  fo r m o d es w ith  a h ig h e r I  value, b u t a t th e  sam e 

tim e , d isk -av e rag in g  effec ts re d u ce  th e  o b serv ed  am plitu des. F or 

I  =  4 , th is  re d u c tio n  fa c to r am o u n ts  to  a b o u t 30, w h ich  is still 

above  th e  C oR oT  n o ise  level fo r m an y  o f  th e  S P B  cand id a tes, 

so w e can n o t ex c lu d e  th e  h ig h e r o b serv ed  freq u en c ie s  b e in g  du e 

to  h ig h -d eg ree  m odes. W e illu stra te  th e  n a tu re  o f  th e  o b serv ed  

variab ility  fo r a p ro to ty p e  o f  th ese  stars (C oR oT  1 0 2 938439) in 

F igs. 14, 15, and  13. O th er ex am p les  can  be  fo u n d  in  F igs. A .9  

to  A .1 2 ) . A fte r  p rew h ite n in g  all lo w  frequenc ie s , th e  la rg est 

fe a tu re  in  th e  am p litu d e  sp ec tru m  tu rn s  o u t to  be  a co llec tio n  

o f  c lo se ly  spaced  peak s (F ig . 15). A t leas t tw o  p h en o m en a  can 

cause  th ese  featu res: u n re so lv ed  stab le  m o d es w ith  a co m p lex  
b ea tin g  pa tte rn , o r tim e -d ep e n d en t o sc illa tio n  freq u en c ie s  an d /o r 

am plitu des. In  th e  firs t case, w e ex p ec t a reg io n  w ith  b len d ed  or 

n ea rly  b len d ed  freq u en cy  peaks, w ith o u t any  am p litu d e  s tru c 

tu re. In  th e  seco n d  case, w e ex p ec t a freq u en cy  reg io n  w ith  

a  p ea k  at th e  ex c ited  freq uen cy, an d  L o re n tz ian  shape  fa rth er

aw ay  fro m  th e  cen tra l peak. W h e n  a re s id ua l lig h t cu rve  o f  these  

stars is co n stru c ted  by  p rew h ite n in g  a n o n lin ea r least squares  fit 

o f  all freq u en c ie s  b e lo w  - 1 .5  d -1 , th e  sam e am p litu d e  stru c tu re  

em erges fo r all o f  them , w h ich  p o in ts  to w ard s th e  sam e p h y sica l 

o rig in  g iven  th a t th e  p a tte rn  is n o t chaotic. T he  am p litu d es o f  

th e  d e tec ted  m o d es are h ig h ly  v ariab le  o v er tim e (see F ig s  A .9  

an d  A .1 0 ). T he o b serv ed  fe a tu res co u ld  co m e fro m  m o d es w ith  

a fin ite life tim e o r to  n o n lin ea r n o n re so n an t d is to rtio n  lead in g  to  

tim e -d ep e n d en t phen o m en a . A n  ana ly sis  o f  th e  ev o lu tio n  o f  th e  

am p litu d es  show s th a t th e  p erio d  o v er w h ich  th e  m o d es ap p ear 

an d  d issap p ea r is o f  th e  o rd e r o f  on e to  a  fe w  days. In s tead  o f  a si 

n u so id a l shape , th e  lig h t cu rve  m ax im a  are n a rro w er and  sharper, 

w h ile  th e  m in im a  are sha llow  an d  b ro a d  (F ig . 13 ). T h is is v ery  

s im ilar to  th e  lig h t cu rves o f  som e w h ite  d w a rf  p u lsa to rs  and 

is ex p la in ed  by  n o n lin ea r effec ts fo r th ese  ob jec ts  (V uille e t al. 

2 0 0 0 ). W e n o tice  th a t a  s im ilar fea tu re  o f  d isap p ea rin g  and  re a p 

p ea rin g  freq u en c ie s  w as also  fo u n d  in  th e  B e sta r H D  49 3 3 0  and  

w as in te rp re ted  as th e  cause  o f  an  o u tb u rst (H u a t et al. 2 0 0 9 ). 

I t  co u ld  v ery  w ell be  th a t th is  is a g en era l p h en o m en o n  a t lo w  

am p litu d es  fo r B  stars, bu t th a t it on ly  leads to  m ass loss fo r th e  

m o st ra p id  ro ta to rs  am o n g  them .

A  seco n d  m an ife sta tio n  o f  n o n lin earity  can  be  fo u n d  in  

m an y  d e tec ted  co m b in a tio n  frequenc ie s. In  co n tra s t to  th e  tim e- 

d ep e n d en t p h en o m en o n  d esc rib ed  abo ve, th ese  are stab le  o n  th e  

sca le o f  th e  to ta l tim e  span, thus re su ltin g  in  iso la ted  freq u en cy  

p eak s in  th e  sp ec tra  (see on line  freq u en cy  tab les). A  d e ta iled  

d esc rip tio n  o f  th ese  m o d es is d ifficult b ased  on  th e  sh o rt tim e 

span  o f  th e  In itia l R u n  an d  th e  long  p erio d s o f  th ese  m odes 

(<  2 d -1 ), bu t w ill su re ly  b e  p o ssib le  fo r s im ilar n ew  p u lsa to rs  in  

th e  C oR oT  long  ru n  data.

S eco n d a ry  g o o d  S P B  star can d id a tes  in c lu d e  C oR oT  

102 86 3407 , 1027 52 91 2, 10277 34 35 , 10 291 7802 , 10282 69 73 , 

102 83 8201 , 10288 800 3, 10 29 15048 , 10 281 3396 , and  

102 94 53 83  o f  w h ich  th e  las t fo u r also  show  ev id en ce  fo r 

m o d es o f  fin ite lifetim e.

9
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4.4. Other variable objects

B rig h tn ess  v a ria tio n s  n ee d  n o t n ecessarily  b e  due  to  p u lsa 

tio n s  (a lone). F o r  ex am ple , w h e n  tw o  b in a rie s  a re  p h y sica lly  

clo se  to  e a c h  o th e r a n d  th e  sta rs a re  o f co m p arab le  lu m in o s 

ity  an d  size, an d  the  g ra z in g  ec lip ses  c a n  re sem b le  one  sing le, 

s tab le sin u so id a l pu lsa tio n . A  d Ft  an a ly sis  p u ts  m o re  p o w e r 

in  th e  d o u b le  freq u en cy  o f  the  o rb ita l frequency , fo ld in g  b o th  

th e  p rim ary  an d  secondary  ec lip se  o n to  e a ch  other. T h erefo re , 

clo se  b in a rie s  w ith  a n  o rb ita l p e r io d  ro u g h ly  b e tw e e n  0 .25 an d

0.5  d -1 c a n  easily  b e  m is ta k en  fo r  a  3  C ep  star, w h e reas  a  

w id e r  sy stem  c a n  b e  m is in te rp re ted  as a n  SPB . E x am p les  o f  

clo se  o r  co n tac t b in a rie s  are C o R o T  102725 806 , 102 85 805 5, 

1028766 25 , 1029305 03 , 102784 048 , 10 27 68686 , 10 27 32 13 9, 

1028737 61 , an d  102 81 23 72 . T he  p h ase  d iag ra m  o f  the  firs t c a n 

d id a te , C o R o T  1027258 06 , is  sh o w n  in  F ig . 11. W e find  a n  o r 

b ita l freq u en cy  o f  f  =  2 .9 2 5 (7 ) d -1 , in d ep en d en tly  co n firm ed  

w ith  the  p h a se  d isp e rs io n  m in im iza tio n  an d  in fo rm a tio n  en trop y 

m ethod . T h e  am p litu d e  o f  the  p rim ary  ec lip se  is  A 1 =  8 .56% , 

co m p ared  to  the  average  flux  level. T h e  do u b le  sy stem  w as m is 

ta k e n  fo r  a  sin g le  3  C ep  s ta r b y  the  C V C  b ec au se  o f  th e  sm all 

d ifference b e tw e e n  th e  am p litu d e  o f  th e  p rim ary  an d  secondary  

ec lip se ; A1 -  A2 = 0 .87% . T he d u ra tio n  o f  the  p rim ary  ec lip se  in  

p h ase  u n its  is  P i ~  0 .08, w h ic h  is  a lm o st eq u a l to  th e  d u ra tio n  

o f  th e  seco n d ary  ec lip se , P 2 ~  0 .10.

T h e  p o ssib ility  o f  a  b in a ry  sy stem  an d  a n  SPB can d id a te  are 

n o t m u tu a lly  exclu siv e , b ec au se  C o R o T  1 0 2 9 1 8 5 8 6 ,1 0 2 9 1 2 7 4 1  

an d  C o R o T  10279396 3 tu rn  o u t to  b e  can d id a te  SP B s in  close 

b in a rie s , o f  w h ic h  th e  la tte r  show s a  s ing le  s in u so id a l v a ria tio n , 

sy n ch ro n ised  w ith  th e  o rb it o f  the  b in ary . T h ese  system s in  p a r 

t ic u la r  c a n  b e  o f  in te re st fo r  as te rose ism ology , b ec au se  the  b i 

n ary  o rb it c a n  h e lp  to  co n s tra in  the  m ass an d  rad iu s  o f  the  SPB 

star.

A n o th e r g ro u p  o f  SPB  can d id a tes  have freq u en c ie s  in  a  v ery  

b ro a d  range , e.g . C o R o T  1028 24 45 , 10 27 64403 , 10 28 18 53 5, 

1028169 87 , 1028376 46 , 102804 931 , 10 28 87852 , 10 29 30 36 9, 

1027901 35 , an d  102 85 61 78. C o R o T  102 82 44 5 , fo r  exam ple , 

show s p e rio d ic  v aria tio n s  w ith  tim e  sca les a ro u n d  ~  1 d -1 , 

~  4 d -1 an d  ~  15 d -1 (F ig . 16). T h e  m a in  freq u en cy  f  = 

1 .04 11 (7 ) d -1 c a n  b e  co n n e c ted  to  th e  th ird  freq u en cy  f  = 

1 .1 5 3 3 (3 )d -1 , re su ltin g  in  a  b e a tin g  p e rio d  o f  a lm o st 10 days. 

T h e  seco n d  freq u en cy  f2 =  15 .2 71 (9 ) is  co n n e c ted  to  f29 = 

1 4 .7 3 9 (4 )d -1 , an d  th e  sam e sp ac in g  o f  0 .5 2 d -1 is  fo u n d  

th ro u g h o u t th e  w h o le  freq u en cy  sp ec tru m  (T able A .1 ) . A lth o u g h  

th e  sp ac in g  co n n ec ts  the  th ree  m a in  freq u en cy  reg io n s  w h ere  

variab ility  occu rs , cu rren t s te lla r m o d e ls  do  n o t o ffer any in te r 

p re ta tio n  in  te rm s o f  a  sin g le  SPB , 3  C ep, o r  6  S ct star, w h ile  w e 

ca n  ex c lu d e  co n tam in a tio n  fro m  nea rb y  sta rs o n  th e  C C D . T he 

p o ssib ility  o f  a  b in a ry  sy stem  co n sis tin g  o f  a  h y b rid 3  C ep  an d  a  

6  S ct re m ains, as w e ll as the  one  o f  a  trip le  system . S p ectra  w ill 

help  us to  un rav el the  ex ac t cause  o f  th e  v a r ia tio n  in  th is  lig h t 

curve.

F o r  a  co u p le  o f  lig h t cu rves (C o R o T  1 0 2 9 1 0 6 1 0 ,1 0 2 9 6 8 5 2 6 , 
1028575 65 , an d  102 87 6625 , see F ig . 17), sp o t m o d e ls  seem  

m o re  ap p ro p ria te  fo r  d esc rib in g  th e m  th a n  a  p u lsa tio n  m odel; the  

re sem b la n ce  to  s im u la te d  lig h t cu rv es  o f  ro ta tin g  sp o tted  stars  

is in d eed  a p p a ren t (e.g. S trassm eie r &  B o p p  1992 ; L a n z a  e ta l .  

1993). T h e ir  freq u en cy  sp ec tra  ag ree  w ith  th o se  m o d e ls , an d  

few  freq u en c ie s  a re  d e tec ted  in  a  very n arro w  in terval. F ig u re  18 

illu stra te s  th a t it  c a n  b e  difficu lt to  d is tin g u ish  sim p le  b e a tin g  

p a tte rn s  fro m  sp o t re la ted  variability . B y a ssu m in g  th a t the  sta r 

ro ta te s  d iffe ren tially  like th e  Sun, the  m u ltip le t s tru c tu re  c a n  b e  

u se d  to  d e te rm in e  th e  lev el o f  d iffe ren tia l ro ta tio n  A O , e.g ., fo r  

C o R o T  1029685 26 , A O  =  0 .0 5 3 8 ± 0 .0 0 0 2 d -1 . T his im p lies  th a t

: z=o.oi
___ i___ i___ ,___ ,___ ,___ i___ i___ i___ ,___ i___ ,_H WKL

4 .4  4 . 2  4

'°8T .„

Fig. 19. T h eo re tica l in stab ility  d o m ain s  o f  I  = 0 ,1 ,2  m o d es re p 

re sen ted  in  a  lo g  Teff-lo g  P  d iag ra m  fo r  m ain -seq u en ce  m odels 

w ith  Z  = 0 .02  (u p p e r pan e l)  an d  Z  = 0.01 (lo w er p an el). In  e a ch  

pane l, the  re g io n s o f  u n stab le  m o d es re p resen t 3  C ep  (a), SPB 

(b), 8  S ct (c), an d  y  D o r-ty p e  p u lsa tio n s  (d ).T h e  freq u en c ie s  d e 

tec ted  in  the  b e s t  SPB can d id a tes  (see  text) an d  the cand id a te  

p u lsa to rs  f ro m  Sect. 4 .2  a re  sh o w n  as triangles .

o ne  p a rt o f  the  s ta r co m p le tes  o ne  m o re  fu ll ro ta tio n  cyc le  o v er 

a  p e rio d  o f  1/A O .

5. Comparison with theoretical predictions

T he re su lts  p re sen ted  in  the p rev io u s  sec tio n  show  th a t m an y  o f  

the  sta rs  c lassified  as a n  SPB o r  3  C ep  s ta r b y  the  C V C  c la ss i 

fie r  a re  n o t ty p ica l m em b ers  o f  the  tw o  classes  (a t leas t as fa r  

as the  classes  have b e e n  defin ed  so far). To have a  g en e ra l c o m 

p a r iso n  b e tw e e n  o b serv ed  a n d  th eo re tic a lly  p re d ic ted  in stab ility  

dom ains, w e n o t only  co n sid e r lo g  Teff -  lo g  g  p lan es  (see F ig . 

7 ), b u t a lso  c o n fro n t p re d ic ted  a n d  o b serv ed  freq u en cy  in s ta b il 

ity  dom ains, as p re sen ted  in  F ig . 19.

T h e  th eo re tic a l in s tab ility  d o m ain s  w e re  c o m p u ted  fo r  n o n 

ro ta tin g  m ain -seq u en ce  m o d els  o f  m asses  b e tw e e n  1.2 an d  18 

MQ an d  2 v a lu es  o f  th e  h ea v y -e lem en ts  m ass frac tion : Z = 0 .0 2  

an d  Z = 0 .0 1  (respective ly  u p p e r  an d  lo w er p an e ls  o f  F ig . 19). 

S te lla r m o d els  w ere  c o m p u ted  w ith  c l e s  (S cu fla ire  e t  al. 2 0 0 8 b ), 

ad iab a tic  freq u en c ie s  w ith  l o s c  (S cu fla ire  e t al. 2 0 0 8 a ), an d  the 

s tab ility  o f  m o d es o f  deg ree  I  = 0 ,1 ,2  w as in v estig a ted  w ith  

the  co d e  m a d  (D u p re t e t al. 2 0 0 3 ). In  th e  case o f  8  Sct and  

Y D o rad u s  stars , the  n o n ad iab a tic  co m p u ta tio n s  in c lu d ed  the 

in te ra c tio n  b e tw e e n  co n v ec tio n  a n d  p u lsa tio n  as d esc rib ed  by  

G rig ah cen e  e t  al. (2 0 0 5 ). A ll s te lla r  m o d e ls  w e re  c o m p u ted  w ith  

o v ersh o o tin g  fro m  th e  co nvectiv e co re  ( a OV =  0 .2 ) an d  a 

m ix in g -le n g th  p a ra m e te r a MLT =  2.0 , b o th  ex p ressed  in  lo ca l- 

p re ssu re , sca le -h e ig h t un its . O P  o p ac ity  tab les  (B ad n e ll e t al. 

2 0 0 5 ) w ith  A sp lu n d  e t  al. (2 00 5) m eta l m ix tu re  w e re  ad opted . 

W e re fe r  to  M ig lio  e t al. (2 0 0 7 a ,b ) an d  Z d rav k o v  &  P am y a tn y k h  

(2 0 0 8 ) fo r  a  d e ta iled  study o f  the effec t o f  co n s id erin g  d iffe ren t 

o p ac ity  tab les  an d  m eta l m ix tu res  o n  the  e x c ita tio n  o f  p u lsa tio n  

m o d es in B - ty p e  stars. T he d is tin c t is lan d s o f  in stab ility  p o p u la t 
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Fig. 16. P h ase  d iag ram s o f  th ree  c lea r s inuso id a l v a ria tio n s o f  C oR oT  102 80 45 22 . T h e  frequency  in  the  le ft p an e l ( f  *  1 .0 4 d -1 ) 

is ra th e r h ig h  fo r ty p ica l g  m o d es in  SPB s, w h ile  the  frequency  in  th e  m id d le  pane l ( f  *  15.27 d -1 ) is ra th e r h ig h  fo r a ty p ica l 

3  C ep s ta r p -m o d e , bu t quite  ty p ica l fo r p  m o d es in  8  S ct stars. T h e  frequency  w ith  w h ich  th e  lig h t curve is fo ld ed  in  th e  rig h t panel 

( f  *  4 .05  d -1 ) co u ld , on  th e  o th er h and , be a  ty p ica l p  m o d e  in  a  3  C ep  star. T h is  differen t b eh av io u r ra ises th e  su sp ic io n  th a t th is  
is n o t one sing le  star, a lth o u g h  th ere  are n e ith e r traces  o f  ec lip ses n o r any in d ica tio n  o f  flux  co n tam in a tio n  fro m  n earb y  stars on  the 

C CD .

Fig. 17. S elec tion  o f  3  C ep  can d id a tes  show ing  s tro ng  h in ts  o f  sp o t fea tu res  in  th e ir  lig h t curves. (u p p e r  p a n e l)  C oR oT  1029685 26  

(t0= 2 5 9 0 .0 4 5 0  C JD ) has  a  d o m in an t frequency  o f  f 1 *  4 .1 4  d -1 w ith  a  secondary  p eak  at f2 *  4 .0 8  d -1 . T h e  b lack  line  is a  fit u sing  

all n o n in s tru m en ta l freq u en c ie s  (b o tto m  p a n e l)  T h e  lig h t cu rve  o f  C oR oT  1028 57 56 5 (t0= 2 5 9 0 .0 4 9 9  C JD ) w as b in n ed  p e r 10 po in ts 

fo r v is ib ility  reasons.

ing the  log  Teff-P erio d  d iag ram  o f  F ig s  19 co rresp o n d  (fro m  left 

to  righ t) t o 3  C ep-, SPB -, 8  Sct-, and  y  D o r-ty p e  pulsations.

S tars classified  as SPB s are in  overa ll ag reem en t w ith  the 

th eo re tic a lly  ex p ec ted  d o m ain  (see  F igs. 7 and  19), th o u g h  in  

som e cases w ith  freq u en c ie s  h ig h e r th an  th o se  o f  a  ty p ica l SPB  

star (w h ich  cou ld  be  due  to  the  stro ng  effects o f  ro ta tio n  on  the 

p erio d s  o f  o scillatio n ). O n  the  o th er han d , several stars classified  

as 3  C ep  are in  th e  ty p ica l Teff in stab ility  d o m ain  o f  SPB s. T hese  

stars have  frequency  p eak s in  th e  3  C ep  frequency  d o m ain : th e ir  

m o d es cou ld  be  p ro g rad e  S P B -type  m o d es  as p ro p o sed  in , e.g ., 

Saio  et al. (2 0 0 7 ).

T h e effects o f  ro ta tio n  m ay  also  affec t th e  d e te rm in a tio n  o f  

T eff fo r a  few  sta rs th a t hav e a frequency  sp ec tru m  re sem b lin g  

th e  one o f  fast-ro ta tin g  SPB s bu t th a t, b ased  on  th e ir  p o sitio n

in  F ig. 19, are co o le r th an  th e  re d  ed ge o f  th e  SPB  instab ility  

s trip  (e.g . C oR oT  1028 33548  and  1027 29 53 1). A  m o re  re liab le  

sp ec tro sco p ic  Teff d e te rm in a tio n  o f  th ese  stars is th u s  n eed ed  to  

c la rify  the  n a tu re  o f  th ese  targe ts . S u ch  sp ec tro sco p ic  d a ta  w ill 

b eco m e av ailab le in  th e  n ex t m onths.

T h e  co m p ariso n  w ith  th eo re tic a l ex p ecta tio n s w ill also  

g re a tly  benefit fro m  th e  d e te rm in a tio n  o f  the  n u m b er o f  p u lsa t 

ing  B  stars re la tiv e  to  all th e  B  stars o b serv ed  in  C o R o T ’s IR a01 

E X O field . T h e  ab sen ce  o f  ty p ica l 3  C ep p u lsa to rs  (in  te rm s at 

th e  sam e tim e  o f  frequency  sp ec tru m  and  T eff) can  be asc rib ed  

sim p ly  to  th e  ex p ec ted  sca rc ity  o f  early  B -ty p e  stars in  th e  field , 

fo llo w in g  th e  in itial m ass fu n c tio n  an d  s te lla r evo lu tion  m odels. 

T h is  re q u ires  th e  d e te rm in a tio n  o f  s te lla r pa ram ete rs  fo r a large 

n u m b er o f  stars and  w ill be  ad d ressed  in  a  fu tu re  w ork.
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Fig. 18. C oR oT  102 83 55 15  (u p p e rp a n e l)  and  102824452  ( lo w e rp a n e l , lig h t cu rve b in n ed  p e r  10 p o in ts) hav e a  freq u en cy  sp ec tru m  

w h ere  th e  p o w er is co n cen tra ted  in  n a rro w  b an d s  a t m u ltip les  o f  th e  d o m in an t frequency. C o m b in ed  w ith  the  p ec u lia r sh ap e  o f  th e ir  

lig h t cu rves , they  stro ng ly  re sem b le  sp o tted  stars , a lth o u g h  th e  d is tin c tio n  fro m  a s im p le  b ea tin g  p a tte rn  is n o t easy  (bottom ). T he 

so lid  line is a fit, g rey circ les are data.

It  is c lea r fro m  th ese  firs t g en era l rem ark s th a t th e  re levan ce  

o f  C o R o T ’s p h o to m etric  variab ility  su rvey goes  b ey o n d  the  s im 

p le  defin ition  o f  in stab ility  do m ain s o f  ex p ec ted  an d  k n o w n  

ty p es  o f  p u lsa to rs . P articu la r th eo re tic a l in terest is p ro v id ed  by 

th e  u n ex p ec ted  v a ria b ility  d e tec ted  in  several ta rg e ts  on  the  re d  

side  o f  th e  SPB  in stab ility  strip , a  reg io n  w h ere  several claim s 

o f  th e  d e tec tio n  o f  p u lsa tio n s w ere  m ad e  (the so -ca lle d  “M aia” 

stars, see e.g. S cho lz  et al. 199 8; A erts  &  K o len b erg  2 0 0 5 ). T he 

th eo re tica l in stab ility  m ech an ism s p ro p o se d  as an ex p lan a tio n  

fo r th ese  stars do  n o t cover th e  full a rea  in  the  H e rtz sp ru n g 

R u sse ll d iag ram  w h ere  su ch  p u lsa tio n s have  b een  c la im ed  (see 

T ow nsend 20 05  an d  Savo nije 2 0 0 5 ). T h e  fo rth co m in g  sp ec tro 

scop ic  o b serv atio n s o f  th o se  ta rg e ts  w ill shed  n ew  lig h t on  th ese  

m o st in terestin g  ta rg e ts, and  a llo w  th eo re tica l in te rp re ta tio n  o f  

th e  d e tec ted  variab ility .

6. Conclusions

W e co n stru c ted  a  frequency  ana ly sis  p ip e lin e  and  ad ditional 

p o st-p ro cess in g  to o ls  to  efficiently  an a ly se  p u lsa to rs  in  C o R o T ’s 

ex o p lan e t database . T h e  m e th o d  also  in c lu d es a  ju m p  co rrec tio n  
and  d e tren d in g  a lgo rithm , as w e ll as an au to m ated  sea rch  for 

co m b in a tio n  freq u en c ie s  and  sp ac in g s am ong  freq u en c ie s  or p e 

riods. In  th e  p a rtic u la r case o f  th e  In itia l R un , m any  co m b in a tio n  

freq u en c ie s  and  spac in gs w ere  found , bu t the  to ta l tim e  span  o f  

~  55 d  w as to o  sho rt to  d ra w  firm  co n c lu sio n s on  the  frequency  

o r p e rio d  spac in gs o f  g  m o d es and  to  c o n fro n t th em  w ith  th e 

o re tica l m od els. T h ere  w e re  to o  fe w  conv incing  can d id a tes  in  

th e  m o re  m assive S  C ep  class to  co m m en ce  an  in te rp re ta tio n  in  

te rm s o f  n o n lin ea r re so n an t co up ling . H ow ever, o u r tech n iq u es 

rev ealed  c lea r frequency  sp ac in g s in  h ig h -freq u en cy  v aria b les  on 

th e  coo l side o f  th e  SPB  in stab ility  strip .

M o st o f  th e  stars th a t seem ed  g o o d  S  C ep  can d id a tes  in  

te rm s o f  th e  v a lu es  o f  th e  first th ree  freq u en c ie s  are to  be re 

fu ted. T h is  w as to  be  expected , b ecau se  th e  n u m b er o f  ca n 

d ida te  S  C ep  stars fo u n d  by  the  C oR oT  V ariability  C lassifier 

(D eb o ssch er e t al. 2 0 0 9 ) w as an o m alo u sly  h ig h  co m p ared  to  the

n u m b er o f  can d id a te  SPB s. O n ly  one sta r on  th e  b lu e  side  o f  the 

SPB  in stab ility  s trip  m atch es a ty p ica l S  C ep  frequency  sp ec 

tru m . F o u r o th er sta rs w ere  fo u n d  to  be  5  Sct/S C ep -like , bu t 
ag a in  w ere  fa r o ff  th e ir  th eo re tica l lo ca tio n  in  the  log Teff -  log g  

d iag ram . In stead , w e d e tec ted  m any  differen t ty p es o f  variab le  

stars  am ong  th e  S  C ep  can d id a te  sam ple. Several tu rn ed  o u t to  

be  lo w -am p litu d e  p u lsa to rs  w h o se  freq u en c ie s  are sp read  over 

a w id e  ran g e  and  w h ich  are lo ca ted  on  th e  re d  side o f  th e  SPB  

in stab ility  strip , w h ere  no  o sc illa tio n s are p red ic ted  by theory. 

A cco rd in g  to  the  th eo re tic a l co m p u ta tio n s by T ow nsend  (2 0 0 5 ) 

and  Sav on ije  (2 0 0 5), m id -B  ty p e  ra p id ly  ro ta tin g  p u lsa to rs  w ith  

re tro g rad e  m ix ed  g  m o d es co u ld  o cc u r in  a p a rt o f  th is  region, 

ex h ib itin g  m an y o f  th ese  propertie s. H o w ever, they  co u ld  also  

sim p ly  be  fa st-ro ta tin g  classica l SPB  o r 5  S ct stars, o r B e p u l 

sators. F u tu re  sp ec tro sco p ic  ob serv a tio n s w ill a llo w  us to  d is tin 

g u ish  b e tw een  th ese  possib ilities , by su p p ly in g  in fo rm atio n  on 

ro ta tio n a l v e lo c ities , abundances, and  im p ro v ed  log g  -  log Teff 

va lues. B esid es th ese  in terestin g  stars, also  b in ary  stars an d  a 

few  su sp ec ted ly  d iffe ren tially  ro ta tin g  stars (w ith  o r w ith o u t ad 

d itio na l p u lsa tio n s), w e re  d e tec ted  am ong  th e  S  C ep  cand ida tes.

S im ila r co n c lu sio n s app ly  to  the  sam ple o f  SPB cand id a tes, 

a lth o u g h  th e  n u m b er o f  g o o d  can d id a tes  is vas tly  g re a te r  fo r th is  

class th a n  fo r th e  S  C ep  cand ida tes. In teresting ly , the  h ig h est 

am p litu d e  SPB  can d id a tes  all sh o w  tw o  d is tin c t s igns  o f  n o n 

lin ear beh av iou r: first, c lea r u n ex p ec ted  p o w er excess in  the  re 

g io n  b e tw een  2  and  6 d -1 , w h ich  seem s to  p o in t to  m o d es w ith  

fin ite lifetim es. T h ese  co u ld  o rig in a te  fro m  n o n lin ea r n o n re so 

n an t h a rm o n ic  d is to rtio n , lead ing  to  tim e -d ep e n d en t am p litu d es 

an d /o r frequenc ie s. S econd , w e  iden tified  co m b in a tio n  freq u en 

cies, w h ich  are stab le on  the  tim e sca le o f  th e  m easu rem en ts. 

T h ese  are likely  to  be  cau sed  by  n o n lin ea r re so n an t m ode lo ck 

ing. O n  to p  o f  th a t, w e  also  find  som e rich  and  lo w -am p litu d e  

SPB  p u lsa to rs , w ith  freq u en c ie s  in  a lo w er ran g e  th a n  th e  s im i 

la r s tars in  t h e S  C ep  sam ple.

O u r fo llo w -u p  stud ies  o f  n ew  p u lsa tin g  B  stars in  th e  C oR oT  

lon g ru ns, w h ich  ty p ica lly  la st 150 d, as w e ll as fu tu re  sp ec 

trosco py , w ill be  v ery  v a lu ab le  in  eva lu a tin g  the  n ew  ty p e  o f  os-
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c illa tio n s fo u n d  in  th e  In itia l R u n  d a ta  as re p o rted  h ere  in  m ore 

detail.

A cknow ledgem en ts .  T he  re sea rc h  lead in g  to  th ese  re su lts  rece iv ed  fu n d in g  fro m  

th e  E u ro p ean  R esearch  C o u n c il u n d e r th e  E u ro p ean  C o m m u n ity ’s Sev en th 

F ra m ew o rk  P ro g ram m e (F P 7 /2 0 0 7 -2 0 1 3 )/E R C  gran t a g reem en t n °2 2 7 2 2 4  

(P R O S P E R IT Y ), as w e ll as fro m  th e  R esearch  C o u n c il o f  K .U .L e u v en  g ran t 

ag reem en t G O A /2 0 0 8 /0 4  an d  fro m  th e  B e lg ian  P R O D E X  O ffice u n d e r co n 

tra c t C 9030 9 : C o R o T  D a ta  E x p lo itatio n . T h is  artic le  is b a se d  o n  ob se rv atio ns 

m ad e  w ith  th e  IN T -W F C  o p e ra ted  on  th e  is lan d  o f  L a  P a lm a  b y  th e  Isaac 

N ew to n  G ro u p  in  th e  S p an ish  O b serv a to rio  de l R o q u e  de lo s M u ch ach o s o f  th e  

Institu to  de A stro fs ic a  de C anarias . T h is re sea rc h  h as b e en  p a rtly  su p p o rted  by  

th e  A Y A 2 0 0 6 -1 5 6 2 3 -C 0 2 -0 2  o f th e  M C IN N .

Z d rav k o v , T. &  P am y atn y k h , A. A. 20 08 , Jo u rn a l o f  P h y sic s C o n fe ren ce  Series, 

118, 01 20 79
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Fig.A.1. S am es as F ig . A .4 , b u t fo r the  stars show ing  a c o m 

p le x  b u t s tru c tu red  freq u en cy  sp ec tru m  (C oR oT  1028 33 54 8, 

1 0 2 8 4 8 9 8 5 ,1 0 2 9 2 2 4 7 9 ,1 0 2 8 5 0 5 7 6 ).
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Fig. A.2. f i  C ep  can d id a te  10 27 29 53 1: (b o tto m  p a n e l)  Z o o m  o n  day 17 o f  IR a 0 1: o n  to p  o f  the  c lea r ~  0 .25 d  p erio d , m an y  m ore  

s ign ifican t v a r ia tio n s  o f  the  flux  are  no ticab le . (u p p e r  tw o p a n e ls)  raw  freq u en cy  sp ec tru m  (g rey ) w ith  id en tified  freq u en c ie s  w ith  

S N R >  4 (b lack  lines) an d  o rb ita l freq u en c ie s  (g rey  lines, a ll h arm o n ics  an d  day aliases o f  1 to  5 days).

Fig. A.3. Sam e as F ig . A .2, b u t fo r  the  ¡3 C ep  can d id a te  102 790063.
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Fig. A.5. S am e as F ig . A .4 , b u t fo r tw o  o f  the  stars  w ith  a rich  

freq u en cy  spec trum , b u t h av in g  few  la rg e -am p litu d e  p u lsa tio n s  

(C oR oT  10285 05 02 , 102 816758).

Fig. A.7. C oR oT  102808 56 5: B in n ed  p h ase  d iag ram  ( 1 ^  e rro rs  

on ave rage), a fte r re m o v a l o f  a n o n lin ea r fit w ith  69 freq uen cies. 

Inse t: ex c e rp t fro m  th e  re sid u a l S carg le perio d o g ram .

Fig. A.4. S chem atic  o sc illa tio n  sp ec tra  o f  one  g roup  o f  p u lsa to rs  

o f  w h ich  the fu n d am en ta l p a ram e te rs  lo g  Teff an d  lo g  g  p lace  

th em  in  b e tw e en  the  SPB  and  6 S ct in s tab ility  strip  (C oR oT  

102 86 10 67 , 102 79 0063 , 102 72 9531 , 102 862454 , 1027 90 331 , 

102 771057). T hese are all m u ltip e rio d ic  variab les , show ing 

co m p lex  v ariab ility  in  a b ro a d  freq u en cy  ra n g e  (in d ep en d en t 

m o d es  are dep ic ted  w ith  b la c k  so lid  lines, h a rm o n ic s  as in te r 

ru p ted  b lack  lines, and  can d id a te  co m b in a tio n  freq u en c ie s  in  

grey).

Fig.A.8. C oR oT  102762284: P hase  d iag ram  o f  th e  re sid u a l 

lig h tcu rv e  afte r re m o v a l o f  th e  firs t tw o  freq u en c ie s , w h ich  are 

b o th  w ell ap p ro x im a te d  b y  s inuso id a l varia tions . T he d iag ram  

w as fo ld ed  w ith  freq u en cy  f  =  0 .2 7 8 1 2  d -1 . A  sm alle r p e rio d  

v a ria tio n  is n o ticab le , as w ell as an ou tb u rs t-lik e  p ea k  in  th e  sec 

on d  h a lf  o f  the phase .
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0 .8

25 30 35 40
t — 2590.0500(CoRoT JD)

Fig.A.6. C oR oT  10 28 72 26 5  ( u p p er  p a n e l)  an d  10283 24 93  (lo w e r  p a n e l)  sh o w  a co m p lex  frequency  sp ec tru m  w ith  h ig h  peaks 

w ith  freq u en c ie s  above  th e  ty p ica l SPB  p u lsa tio n  range . M oreover, th e  den se sp ec tru m  m ak es it d ifficult to  sep era te  long, stab le  

p u lsa tio n s fro m  b ea tin g  patte rns. T he so lid  line is a  fit, g rey  circ les are th e  data.

Table A.1. C oR oT  102804522  show s rich  v aria b ility  on  v a ry 

ing tim esca les , bu t m an y o f  th e  freq u en c ie s  can  be  co n n ec ted  

th ro u g h th e  sam e frequency  sp ac in g  (e  = f2 -  f 1 -  A f) .

Type / l id “1) A /( d _1) k  (d_1) ¿ (d -1)
Single 1.0891 0.5320 1.6213 0.0002
Single 1.2350 0.5248 1.7595 -0.0003
Single 1.4445 0.5248 1.9697 0.0004
Single 1.7595 0.5320 2.2914 -0.0002
Single 1.8758 0.5320 2.4077 -0.0002
Single 3.1081 0.5248 3.6325 -0.0004
Single 3.6325 0.5248 4.1572 -0.0001
Single 3.7455 0.5248 4.2703 -0.0001
Single 3.8578 0.5320 4.3899 0.0001
Single 3.9212 0.5248 4.4458 -0.0003
Single 4.3259 0.5248 4.8512 0.0004
Single 4.7765 0.5320 5.3088 0.0003
Single 9.0494 0.5248 9.5741 -0.0001
Triplet 14.2073 0.5320 14.7395 0.0001

14.7395 0.5320 15.2719 0.0004
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0.45

51.0 51.5 52.0 52.5 
Time - 2593.07054 (CoRoT JD)

Fig.A.9. C oR oT  10 29 43966: O rig in a l p e rio d o g ram s o f  SPB  can d id a tes  sho w ing  re s id u a l p o w er excess a t freq u en c ie s  ab ove ~ 1 .5  

d -1 (u p p e r  left). T h e in se ts  are am p litu d e  sp ec tra  o f  th e  res id u a ls , a fte r p rew h iten in g  all freq u en cy  in  lo w er reg ions. T he  g re y  so lid  

lin e is a  sm o o th ed  v e rs io n  o f  th e  sp ec trum , h o rizo n ta l lines  d en o te  th eo re tica l n o ise  lev el an d  9 9%  confidence  in terval. u p p er  righ t:  

S h o rt tim e  F o u rie r tran sfo rm atio n s  o f  th e  res id u a l l ig h t cu rv es g ive th e  ev o lu tion  o f  th e  (n o rm a lised ) p o w e r in  th e  p e rio d o g ram  over 

tim e  since  th e  sta rt o f  th e  m easu rem en ts  ( t ) .  T his  tim e-freq u en cy  an a ly sis  show s th a t th e  ex cess p o w e r is due to  m o d es  w ith  a  fin ite 

life tim e  in  th e  o rd e r o f  days. ( lo w e r  p a n e l:)  ex cerp t fro m  th e  lig h t cu rv e, show ing  th e  shap e o f  th e  flux  ch an g es d ue to  th e  p u lsatio ns.

0.8

21.0 21.5 22.0 22.5 23.0 
Time - 2593.07051 (CoRoT JD)

Fig.A.10. C oR oT  10 2855391 : sam e as F ig .A .9.
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Fig.A.11. ( le ft  co lum n) O rig in a l p e rio d o g ram s o f  SPB  can d id a tes  show in g  resid u a l p o w e r excess a t freq u en c ie s  abov e - 1 .5  d -1 . 

T he  in se ts  are am p litu d e  sp ec tra  o f  th e  re s id ua ls , a f te r  p rew h ite n in g  all freq u en cy  in  lo w er reg io ns. T he g rey  so lid  line  is a  sm oo thed  

v e rs io n  o f  th e  spec trum , h o rizo n ta l lines  den o te  th eo re tic a l no ise  lev el an d  9 9 %  co nfid ence  in terval. (r ig h t co lum n) ex c e rp t fro m  th e  

lig h tc u rv e , show in g  th e  shape o f  th e  flux  ch an g es du e to  th e  p u lsa tions. (from  top  to  bo ttom ) C o R o T  1027 698 48 , 102754851 an d  

102848 50 6.
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Fig. A.12. Sam e as F ig . A .11 , b u t fo r  C o R o T  102 844894  an d  10 2956197.


