
PDF hosted at the Radboud Repository of the Radboud University

Nijmegen
 

 

 

 

The version of the following full text has not yet been defined or was untraceable and may

differ from the publisher's version.

 

 

For additional information about this publication click this link.

http://hdl.handle.net/2066/36055

 

 

 

Please be advised that this information was generated on 2018-07-07 and may be subject to

change.

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Radboud Repository

https://core.ac.uk/display/16123186?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://hdl.handle.net/2066/36055


ar
X

iv
:a

st
ro

-p
h/

05
10

32
6v

1 
11 

Oc
t 

20
05

Mon. Not. R. Astron. Soc. 000, 000-000 (0000) Printed 5 February 2008 (MN LT eX style file v2.2)

A steroseism ology  o f th e  ß  C ephei star 12 (D D ) Lacertae: 
photom etric observations, pu lsational frequency analysis 
and m ode identification

G . H a n d l e r , 1 M . J e r z y k ie w ic z ,2 E . R o d r ig u e z ,3 K . U y t t e r h o e v e n ,4,5 P . J .  A m a d o ,3 

T .  N . D o r o k h o v a ,6 N . I. D o r o k h o v ,6 E . P o r e t t i , 7 J . - P .  S a r e y a n ,8 L . P a r r a o , 9 

D . L o r e n z ,1 D . Z s u f f a ,10 R . D r u m m o n d ,4 J .  D a s z y n s k a - D a s z k ie w ic z ,2,4 

T .  V e r h o e ls t ,4 J .  D e  R id d e r ,4 B . A c k e ,4 P . - O .B o u r g e ,11 A . I. M o v c h a n ,6 

R . G a r r i d o ,3 M . P a p a r ó , 10 T .  S a h i n ,12,13 V . A n t o c i ,1 S. N . U d o v ic h e n k o ,6 

K . C s o r b a ,10 R . C r o w e ,14 B . B e r k e y ,14 S. S t e w a r t , 14 D . T e r r y ,14 

D . E . M k r t i c h i a n ,6,15 C . A e r t s 4

1 Institu t fü r Astronomie, Universität Wien, Türkenschanzstrasse 17, A-1180 Wien, Austria
2 Wroclaw University Observatory, ul. Kopernika 11, 51-622 Wroclaw, Poland
3 Instituto de Astrofisica de Andalucia, C .S.I.C., Apdo. 3004, 18080 Granada, Spain
4 Instituut voor Sterrenkunde, K. U. Leuven, Celestijnenlaan 200B, B-3001 Leuven, Belgium
5 Mercator Telescope, Calle Alvarez de Abreu 70, 38700 Santa Cruz de La Palma, Spain
6 Astronomical Observatory of Odessa National University, Marazlievskaya, 1v, 65014 Odessa, Ukraine
7 INAF-Osservatorio Astronomico di Brera, Via Bianchi 46, 23807 Merate, Italy
8 Observatoire de la Cote d ’Azur, Département GEM INI - UMR 6203, BP 4229, 06304 Nice Cedex 4, France
9 Instituto de Astronomia UNAM, Apartado 70-264, C. U. 04510 Mexico D. F., Mexico
10 Konkoly Observatory, Box 67, H-1525 Budapest XII, Hungary
11 Institu t d ’Astrophysique et de Géophysique, Université de Liège, allée du Six Aout 17, 4000 Liège, Belgium
12 Physics Department, Akdeniz University, 07058 Antalya, Turkey
13 Armagh Observatory, College Hill, Armagh BT61 9DG, N. Ireland, UK
14 Department of Physics and Astronomy, University of Hawaii - Hilo, 200 West Kawili Street, Hilo, Hawaii, 96720-4091, USA
15 ARCSEC, Sejong University, Seoul, 143-747, Korea

Accepted 2005 July 17. Received 2005 August 13; in original form 2005 September 10

A B S T R A C T
We report a multisite photometric campaign for the 3 Cephei star 12 Lacertae. 750 
hours of high-quality differential photoelectric Stromgren, Johnson and Geneva time- 
series photometry were obtained with 9 telescopes during 190 nights. Our frequency 
analysis results in the detection of 23 sinusoidal signals in the light curves. Eleven of 
those correspond to independent pulsation modes, and the remainder are combination 
frequencies. We find some slow aperiodic variability such as that seemingly present in 
several 3 Cephei stars. We perform mode identification from our colour photometry, 
derive the spherical degree I for the five strongest modes unambiguously and provide 
constraints on I for the weaker modes. We find a mixture of modes of 0 ^  I ^  4. In 
particular, we prove that the previously suspected rotationally split triplet within the 
modes of 12 Lac consists of modes of different I; their equal frequency splitting must 
thus be accidental.

One of the periodic signals we detected in the light curves is argued to be a 
linearly stable mode excited to visible amplitude by nonlinear mode coupling via a 2:1 
resonance. We also find a low-frequency signal in the light variations whose physical 
nature is unclear; it could be a parent or daughter mode resonantly coupled. The 
remaining combination frequencies are consistent with simple light-curve distortions.

The range of excited pulsation frequencies of 12 Lac may be sufficiently large 
that it cannot be reproduced by standard models. We suspect that the star has a 
larger metal abundance in the pulsational driving zone, a hypothesis also capable of

http://arXiv.org/abs/astro-ph/0510326v1
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1 IN T R O D U C T IO N

12 (D D) L acertae  (hereinafter briefly called 12 Lac) is one 
o f th e  best observed 0  C ephei s ta rs , a  class of variable early  
B -ty p e  s ta rs  whose light and  rad ia l velocity changes are due 
to  g rav ity  and  pressure m ode pu lsa tions of low rad ia l o r
d er (S tankov & H andler 2005 and  references there in ). R a 
d ial velocity varia tions of 12 Lac were discovered nearly  one 
h u nd red  years ago (A dam s 1912), and  light varia tions were 
d e tec ted  soon th e rea fte r (S tebb ins 1917, G u thn ick  1919).

A fter th e  recognition  of th e  pu lsa tional n a tu re  of th e  
light varia tions of th e  0  C ephei s ta rs  (Ledoux 1951) and 
because of th e  com plicated  n a tu re  of th e  variab ility  of 12 
Lac, th e  s ta r  becam e th e  ta rg e t of one of th e  first worldw ide 
observing cam paigns (de Jager 1963), also called The In te r 
na tional Lacerta weeks, du ring  w hich a  to ta l of m ore th a n  
700 hours of tim e-resolved pho tom etric  and  spectroscopic 
m easurem en ts were secured -  back in  1956!

T he  pho tom etric  m easurem en ts o b ta ined  during  th is 
p ro to ty p e  m ultisite  cam paign  were analysed by B arn ing  
(1963) w ho discovered four different varia tions in th e  light 
curves (one of th em  spurious). Jerzykiew icz (1978) provided 
an  extensive re-analysis of these  and  som e o th e r d a ta  and 
proved th e  existence of five independen t period icities and 
one com bination  frequency in  th e  d a ta .

H igh-resolution  spectroscopic observations of 12 Lac, 
confirm ing th e  six pho tom etric  pu lsa tion  frequencies, were 
carried  o u t by M ath ias e t al. (1994). However, a tte m p ts  to  
identify  th e  underly ing  p u lsa tion  m odes by spectroscopic 
m eans were unsuccessful due to  th e  com plicated  behav iour 
of th e  s ta r , and  earlier m ode iden tification  resu lts  (e.g. th e  
pioneering w ork by S m ith  1980) could ne ith e r be  confirm ed 
nor rejected.

T he  m ost strik ing  fea tu re  w ith in  th e  pu lsa tion  frequen
cies of 12 Lac is an  equally  spaced tr ip le t a t 5.179, 5.334 
and  5.490 cd -1  . O wing to  th e  narrow ness of th e  in terval 
these  th ree  frequencies span , it is clear th a t  a t least tw o of 
th e  underly ing  m odes m ust be non rad ia l and  it  is s tra ig h t
forw ard to  specu la te  th a t  all are ac tua lly  com ponents of a 
ro ta tiona lly  sp lit m ultip let.

B ecause of th is  in teresting  possib ility  and  because 12 
Lac has been  for a long tim e  th e  0  C ephei s ta r  w ith  th e  
largest num ber of know n p u lsa tion  m odes, it is an  a tt ra c 
tive ta rg e t for asteroseism ic investigations, i.e. deriv ing th e  
in terio r s tru c tu re  of th e  s ta r  by m odelling its  p u lsa tion  fre
quencies. D ziem bow ski & Jerzykiew icz (1999) carried  ou t 
such a  study. T hey  could only rep roduce th e  equally  spaced 
tr ip le t w ith  an  I  =  2 f-m ode, and  solely for m odels w ith  spe
cific values of te m p e ra tu re  and  surface gravity. T he  au tho rs  
suggested  th a t  non linear phase-lock could provide a  way ou t 
o f th is  dilem m a.

A n o ther in trigu ing  possib ility  for in te rp re tin g  th e  p u l
sa tio n  sp ec tru m  of 12 Lac th a t  was n o t previously realised 
is th a t  th e  ra tio  of th e  lowest pu lsa tion  frequency of th e  s ta r  
(4.241 cd - 1 ) to  th a t  of an o th e r frequency a t 5.490 cd -1  is 
perfectly  consisten t w ith  th e  expected  frequency ra tio  of th e  
rad ia l fundam en ta l and  first overtone m odes. If  such an  in 
te rp re ta tio n  were co rrect, it w ould be ra th e r  easy to  perform  
seismic m odel com pu ta tions, especially if m ore m odes could 
be  observationally  detec ted . T he  problem  w ith  th e  equally 
spaced tr ip le t w ould vanish  as well because one of th e  sus
p ec ted  m u ltip le t m em bers would in  fact be  a rad ia l m ode.

Clearly, th e  in te rp re ta tio n  of th e  pu lsa tion  sp ec tru m  of 
12 Lac can  po ten tia lly  be ex trem ely  rew arding. A n o ther ob 
servational effort sim ilar to  The In terna tiona l Lacerta weeks, 
w ith  m odern  observing m ethods, seem ed therefore  qu ite  
w orthw hile. In  pa rticu la r, new  observations w ould be re
qu ired  to  provide un ique m ode iden tifications for a t least 
th e  five know n pu lsa tion  m odes for seismic m odelling to  
com m ence. T he  discovery of ad d itiona l low -am plitude p u l
sations w ould of course allow m ore insights in to  th e  in terio r 
s tru c tu re  of th e  s ta r  as well.

As recent observing cam paigns have revealed m any low- 
am p litude  pu lsa tion  m odes for som e 0  C ephei s ta rs  [e.g., see 
A erts e t al. (2004) for V836 Cen, Jerzykiew icz e t al. (2005) 
and  references th e re in  for v E ridan i, and  H andler, Shob- 
brook  & M okgw etsi (2005) for 6 O phiuchi], it only seem ed 
logical to  organise a sim ilar effort for 12 Lac. W e have th e re 
fore carried  ou t a  m ultisite  cam paign  for th e  s ta r  w ith  b o th  
pho tom etric  and  spectroscopic techniques. In  add ition , th e  
close-by eclipsing b in ary  0  C ephei s ta r  16 (EN ) Lac was ob
served pho tom etrica lly  a t th e  sam e tim e. W hereas we p o st
pone th e  analysis of th e  la tte r  s ta r  and  th a t  of th e  spec
troscopy  to  forthcom ing papers, we rep o rt here th e  resu lts 
o f th e  pho tom etric  m easurem ents of 12 Lac.

2 O B SE R V A T IO N S A N D  R E D U C T IO N S

O ur pho tom etric  observations were carried  o u t a t n ine dif
ferent observatories w ith  sm all to  m edium -sized telescopes 
on  th ree  different con tinen ts (see T able 1). In  m ost cases, 
single-channel d ifferential pho toelectric  pho to m etry  was ac
quired; som e ad d itiona l C CD  m easurem en ts tu rn e d  o u t no t 
to  be useful. W herever possible, th e  S trom gren  uvy  filters 
were used.

However, a t th e  S ierra N evada (O SN) and  San Pedro  
M artir  (SPM ) O bservatories sim ultaneous uvby  pho tom eters 
were available, including th e  b filter as well. O n th e  o ther 
han d , th e  u  d a ta  from  SPM  were unusable. A t four o ther 
observatories w here no Stroomgren filters were available we 
used Johnson  V . Finally , as th e  p h o to m eter a t th e  M ercator 
telescope has G eneva filters in stalled  perm anently , we used 
th is  filter system .

We chose th e  tw o “classical” com parison s ta rs  for 12 and 
16 (EN ) Lac: 10 Lac (O9V, V =  4.88) and  2 A nd (A 3Vn,
V =  5.09). A no ther check s ta r , H R  8708 (A 3Vm , V  =  5.81), 
was add itionally  observed during  one of th e  SPM  runs.

D a ta  reduc tion  was begun  by correcting  for coincidence 
losses, sky background  and  ex tinc tion . W henever possible, 
n igh tly  ex tinc tion  coefficients were determ ined  w ith  th e  dif
feren tia l B ouguer m ethod  (fitting  a s tra ig h t line to  a  p lo t 
o f d ifferential m agn itude  vs. d ifferential a ir m ass) from  th e  
m easurem ents of th e  two com parison stars. Second-order 
colour ex tinc tion  coefficients were also determ ined  and  used 
to  ad ju s t th e  m easurem en ts of 2 A nd, w hich suffers lower ex
tin c tio n  because it is redder th a n  th e  o th e r stars. O n  some 
n igh ts th e  coefficients were derived from  10 Lac w ith  th e  
usual B ouguer m ethod .

I t  tu rn e d  ou t th a t  2 A nd is a low -am plitude S Scuti vari
able. L ight varia tions of th is  s ta r  have already  been  strongly  
suspected  by Sareyan  e t al. (1997). W e will discuss these 
variations in  th e  forthcom ing p ap er devoted  to  16 (EN ) Lac 
because 2 A nd  was in  th e  p as t m ostly  used as th e  m ain  com 



T ab le  1. Log of the photometric measurements of 12 Lacertae. Observatories are ordered according to  geographical longitude.
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Observatory Longitude Latitude Telescope Amount of data 
Nights h

Filter(s) Observer(s)

Sierra Nevada Observatory -3 °  23’ +37° 04’ 0.9m 18 81.2 uvby ER, PJA, RG
Mercator Observatory -1 7 °  53’ +28°46’ 1.2m 45 123.9 Geneva KU, RD, JDD, TV 

JDR, BA, POB
Fairborn Observatory —110°42’ +31°23’ 0.75m APT 55 201.5 uvy ——
Lowell Observatory —111°40’ +35° 12’ 0.5m 19 97.3 uvy MJ
San Pedro M artir Observatory —115°28’ +31°03’ 1.5m 20 102.7 uvby EP, JPS, LP
Mt. Dushak-Erekdag Observatory +57° 53’ +37° 55’ 0.8m 13 70.7 V TND, NID
Tübitak National Observatory +30° 20’ +36° 50’ 0.5m 1 2.5 V TS
Mayaki Observatory +30° 17’ +46° 24’ 0.5m 6 13.3 V AIM
Piszkesteto Observatory +  19°54’ +47° 55’ 0.5m 13 56.7 V MP, DZ, DL, VA

Total 190 749.8

parison  s ta r  for th e  la t te r  0  C ephei s ta r. For th e  pu rpose of 
th e  presen t work, le t it suffice to  say th a t  we only found ev
idence for a single period icity  in  our light curves of 2 A nd. 
No evidence for pho tom etric  variab ility  of 10 Lac was found.

We th u s  p roceeded by p rew hiten ing  th e  variab ility  of 
2 A nd  w ith  a  fit de term ined  from  all its  d ifferential m agni
tu d es  relative to  10 Lac from  th e  ind iv idual n igh ts of m ea
surem ent. T he  residual m agn itudes of 2 A nd  were th e n  com 
b ined  w ith  th e  10 Lac d a ta  in to  a curve th a t  was assum ed 
to  reflect th e  effects of tran sp a ren cy  and  d e tec to r sensitiv ity  
changes only. C onsequently , these  com bined tim e series were 
b inned  in to  in tervals th a t  w ould allow good com pensation  
for th e  above-m entioned non in trinsic  varia tions in  th e  ta rg e t 
s ta r  tim e series and  were su b trac te d  from  th e  m easurem ents 
o f 12 Lac. T he  b inn ing  m inim ises th e  in tro d u c tio n  of noise 
in  th e  d ifferential light curve of th e  ta rge ts.

T he  tim ings for th e  differential light curves were helio- 
centrically  corrected  as th e  n ex t step , and  th e  single-colour 
m easurem en ts were b inned  to  sam pling in tervals sim ilar to  
th a t  of th e  m ulticolour m easurem en ts to  avoid unw an ted  im 
plicit w eighting effects. F inally , th e  pho tom etric  zeropoints 
of th e  different in s tru m en ts  were com pared betw een th e  
different sites and  ad ju s ted  if necessary. M easurem ents in  
th e  S trom gren  y and  Johnson  and  G eneva V filters were 
tre a te d  as equivalent due to  th e  sam e effective w avelength 
of these filters, and  were analysed together. T h is com bined 
light curve is henceforth  referred to  as “th e  V filter d a ta ” .

T he  resu lting  final com bined tim e  series was sub jec ted  
to  frequency analysis; we show som e of ou r light curves of 12 
Lac in Fig. 1. In  th e  end, we h ad  3239 V filter m easurem ents 
available (tim e span  197.0 d ), 2301 po in ts in  S trom gren  v 
(tim e span  179.2 d ), 1739 p o in ts  in  Stroomgren u  (tim e span
179.2 d) and  488 po in ts  in  th e  G eneva filters (tim e span  
173.8 d)

3 F R E Q U E N C Y  A N A L Y S IS

O ur frequency analysis was m ainly  perform ed w ith  th e  p ro 
g ram  P e rio d 9 8  (Sperl 1998). T h is package applies single
frequency pow er sp ec tru m  analysis and  sim ultaneous m u lti
frequency sine-wave fitting . I t  also includes advanced op
tions such as th e  ca lcu lation  of op tim al light-curve fits for 
m ultiperiod ic  signals including harm onic, com bination , and

equally  spaced frequencies. As will be dem o n s tra ted  la ter, 
ou r analysis requires som e of these  features.

We s ta r te d  by com puting  th e  Fourier spec tra l w indow 
of th e  V filter d a ta . I t  was ca lcu la ted  as th e  Fourier tra n s 
form  of a  single noise-free sinusoid w ith  a  frequency of 5.179 
c d -1  (the  strongest pu lsa tional signal of 12 Lac) and  an  am 
p litu d e  of 40 m m ag, sam pled in  th e  sam e way as our m ea
surem ents. T he  u p p er panel of Fig. 2 (left-hand  side) con
ta in s  th e  resu lt. T here  are som e alias s tru c tu re s  in  th is  w in
dow function  due to  our lack of m easurem en ts from  E aste rn  
A sian  longitudes. We m ust therefore  apply  cau tion  in  iden
tify ing th e  correct frequencies in  th e  light varia tions of th e  
star.

We proceeded by com puting  th e  am p litude  sp ec tra  of 
th e  d a ta  them selves (second panel of Fig. 2, le ft-hand  side). 
T he  signal designated  f 1 dom inates. P rew h iten ing  it by su b 
tra c tin g  a  syn thetic  sinusoidal light curve w ith  a  frequency, 
am p litude  and  phase th a t  yielded th e  sm allest possible resid
ua l variance, and  com puting  th e  am p litude  sp ec tru m  of th e  
residual light curve, resu lts  in  th e  am p litude  sp ec tru m  in 
th e  th ird  panel of Fig. 2, le ft-hand  side.

A second signal ( f 2) can  clearly be seen in  th is  graph; 
o th e r variations w ith  sim ilar frequencies also seem  presen t, 
as proven by prew hiten ing  f 1 and  f 2 sim ultaneously  (fou rth  
panel of Fig. 2, le ft-hand  side). In  th is  panel we also no te  
th e  presence of a com bination  frequency, th e  sum  of f 1 and  
f 4, w hich was consequently  also p rew hitened . W e continued 
th is  p rocedure (fu rther panels of Fig. 2) un til no significant 
peaks were left in  th e  residual am p litude  spectrum .

We consider an  independen t p eak  s ta tis tica lly  signif
ican t if it  exceeds an  am p litude  signal-to-noise ra tio  of
4 in  th e  periodogram ; com bination  signals m ust satisfy 
S /N  >  3.5 to  be  regarded  as significant (see B reger et 
al. 1993, 1999 for a  m ore in -d ep th  discussion of th is  cri
terion ). T he  noise level was ca lcu la ted  as th e  average am 
p litu d e  in  a 5 c d -1  in terval cen tred  on th e  frequency of in 
te rest. T w en ty -th ree  sta tis tica lly  significant sinusoidal vari
a tions were found to  be necessary to  rep resen t th e  observed 
light curves of 12 Lac. We no te  th a t  th e  six low est-am plitude 
variations have S /N  ~  4, w hereas th e  o th er signals all have 
S /N  >  6. W e also p o in t ou t th a t  th e  low -frequency signal 
f A is clearly p resen t in  th e  five largest single-site d a ta  sets 
(A P T , M ercator, O SN, SPM , and  Lowell) independen tly  
and  is therefore  certa in ly  real.
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Some of th e  signals we de tec ted  are labelled as sum s 
o f frequencies found earlier. A ll b u t one of these could be 
m atched  w ith  a single p a ir  of p a ren t m odes, and  using 
P e rio d 9 8  we first verified th a t  th e  frequency of th e  com 
b in a tio n  w ould indeed correspond  to  th e  sum  of th e  p a ren t 
frequencies w ith in  th e  observational errors. C onsequently , 
we fixed th e  com bination  frequencies to  th e  exact p red ic ted  
value.

We rep ea ted  th e  p rew hiten ing  p rocedure w ith  th e  u 
and  v d a ta  independen tly  and  o b ta ined  th e  sam e frequencies 
w ith in  th e  observational errors. In  p a rticu la r, we no te  th a t  
we never encoun tered  an  a lte rn a tiv e  so lu tion  including an  
alias frequency th a t  fitted  th e  d a ta  b e tte r . We are therefore 
confident th a t  our frequency de te rm ina tions are no t affected 
by alias am biguities.

Since th e  V  filter d a ta  are m ost num erous and  have 
th e  largest tim e  sp an , we adop ted  th e  frequencies from  th is 
d a ta  set as ou r final values and  recom puted  th e  u  and  v 
am plitudes w ith  them . U nsurprising ly  th e  am plitudes did 
n o t change significantly  from  th e  ind iv idually  op tim ised  fre
quency solution. T h e  final resu lt of our frequency analysis is 
listed  in  T able 2. A ll th e  signals were found to  be  in  phase 
in  all filters, keeping in  m ind  th e  observational errors.

T he  residuals from  th is  so lu tion  were searched for ad 
d itiona l can d id a te  signals th a t  m ay be  in trinsic. W e have 
first investigated  th e  residuals in  th e  ind iv idual filters, th en  
analysed th e  averaged residuals in  th e  th ree  m ain  filters

(w hereby th e  u  d a ta  were d iv ided  by 1.50 and  th e  v d a ta  
were d iv ided  by 1.07 to  scale possible signal am plitudes to  
th e  sam e level as in  th e  V d a ta ; these  scale factors were 
em pirically  derived from  th e  am p litudes of th e  previously 
de tec ted  signals). T he  lowest panel on th e  rig h t-h an d  side of 
F ig. 2 con tains th is  final residual am p litude  spectrum . T he 
noise sp ec tru m  is no t w hite: a  m arked  increase in am pli
tu d e  tow ards low frequency is clearly visible and  add itional 
pu lsa tiona l signals m ay be present.

In  p a rticu la r, two peaks s tan d  o u t in  th e  com bined 
u v y  d a ta  p rew hitened  by 23 frequencies: a  signal a t 6.859 
c d -1  and  an o th e r one a t 16.850 cd -1  , b o th  w ith  an  am 
p litu d e  signal-to-noise ra tio  of 3.9. T he  lower frequency is 
very close to  th e  1 c d -1  alias of th e  signal a t f 3 +  f A and  in 
fact its  am p litude  in  a m ultifrequency  fit s trongly  depends 
on  w hether f 3 +  f A is assum ed to  be  a  com bination  peak  
or w hether its  frequency was independen tly  optim ised. T h is 
suggests th a t  f 3 +  f A and  th e  signal a t 6.859 c d -1  in te rac t 
th ro u g h  aliasing. T herefore, th e  la t te r  canno t be  accep ted  a t 
th is  po in t. As th e  signal a t 16.850 c d -1  does no t correspond 
to  a com bination  of th e  previously identified periodicities 
(b u t could be  an  alias thereo f), we canno t accept it e ither. 
T hese resu lts  co rrobo ra te  th e  usefulness of th e  S / N  > 4 
crite rion  once more.

We n o te  th a t  including residual d a ta  in  th e  rem aining 
G eneva filters in  ad d ition  d id  no t tu rn  ou t to  be  useful b e 
cause those  m easurem en ts are no t sufficiently num erous and
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F ig u re  2. Amplitude spectra of 12 Lac. The uppermost panel on the left-hand side shows the spectral window of the data, followed by 
the periodogram of the data. Successive prewhitening steps are shown in the following panels; note their different ordinate scales. After 
the detection of 17 periodicities (third panel from bottom, right-hand side), some low-amplitude combination frequencies were still found 
in the residuals. After their prewhitening, the presence of some additional periodic signals in the light curves can still be suspected. Note 
the different abscissa scale in the last two panels.

have a spec tra l w indow  function  too  poo r for prew hiten ing  
a  23-frequency fit reliably.

3.1 S om e com m en ts on th e  frequ en cy  an a lysis  
resu lts

T he residuals betw een our observed light curves and  th e  23- 
frequency fit are considerably  h igher th a n  th e  accuracy of 
our m easurem ents w ould imply. For in stance , th e  residual 
12 Lac light curves from  Lowell, F a irb o rn  and  San Pedro  
M artir (our b es t d a ta ) have an  rm s sca tte r  of 3.7 m m ag per 
single m easurem en t while th e  d ifferential com parison-sta rs

m agn itudes from  th e  sam e sites, a fter rem oving th e  variab il
ity  of 2 A nd, show a sca tte r  of 2.1 m m ag. T he  residual rm s 
sc a tte r  for th e  full 12 Lac d a ta  set is 4.0 m m ag.

T h is is no t new  as far as 0  C ephei s ta rs  and  even as far 
as 12 Lac is concerned. Jerzykiew icz (1978) already  no ted  
th a t  th e  n igh tly  zeropoin ts o f th e  d a ta  g a thered  during  The 
In terna tiona l Lacerta weeks w ould vary  by up  to  0.02 mag.

In  th e  presen t V  d a ta  set, th is  effect is sm aller b u t 
clearly p resent: th e  zeropoin ts vary by up  to  ±0 .008  m ag 
even for th e  sites w ith  th e  m ost stab le  equipm ent. For com 
parison, th e  n igh tly  zeropoin ts of th e  V  m agn itude  differ
ences betw een th e  com parison s ta rs  were found to  be  con-
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T ab le  2. Multifrequency solution for our time-resolved photom
etry of 12 Lac. Formal error estimates (following Montgomery & 
O ’Donoghue 1999) for the independent frequencies range from ±  
0.000007 cd-1  for f 1 to  ±  0.00023 cd-1  for f 10. Formal errors on 
the amplitudes are ±  0.2 mmag in u and ±  0.1 mmag in v and 
V . The S/N  ratio, computed following Breger et al. (1993), is for 
the V filter data.

ID Freq. 
(cd-1 )

u Ampl. 
(mmag)

v Ampl. 
(mmag)

V Ampl. 
(mmag)

S/N

fl 5.179034 56.4 40.7 38.1 178.6
f2 5.066346 23.3 16.7 16.0 74.6
f3 5.490167 14.2 11.7 11.1 52.4
f4 5.334357 21.9 11.6 10.0 47.3
f5 4.24062 4.4 3.7 3.6 15.8
fA 0.35529 7.2 4.8 5.0 14.4
f6 7.40705 2.8 2.1 2.0 9.7
f 7 5.30912 2.7 2.3 2.0 9.5
fs 5.2162 1.3 1.3 1.3 6.2
f9 6.7023 2.2 1.6 1.3 6.3
f 10 5.8341 1.8 1.2 1.3 6.1
fl +  f4 10.513392 8.3 5.9 5.5 32.9
f3 + f  A 5.84546 2.3 1.6 1.8 8.7
f2 + f4 10.400704 2.3 1.7 1.7 10.3
2fl 10.358069 1.9 1.2 1.2 6.9
f 1 + f2 10.245381 1.7 1.3 1.2 6.9
2fs 10.4324 1.5 1.4 1.0 6.1
2f4 10.668715 1.0 0.8 0.7 4.3
f3 + f4 10.824524 0.8 0.7 0.6 3.9
f2 + f3 10.556514 1.1 0.8 0.7 4.0
2fl + f2 15.424415 0.6 0.6 0.5 4.3
f 1 + f2 + f4 15.579738 1.0 0.6 0.5 4.5
2fl + f4 15.692426 1.0 0.6 0.5 4.3

s ta n t w ith in  ±  0.002 m ag. T hus, th e  increase of th e  noise 
level tow ards low frequencies seen in  th e  las t tw o panels of 
Fig. 2 does n o t orig inate  from  poor d a ta  reductions b u t is 
caused by variab ility  of 12 Lac itself.

We believe th a t  th e  sm aller size of th e  zeropoint varia
tions in ou r d a ta  as com pared  w ith  those in  th e  1956 d a ta  
is p a rtly  due to  th e  h igher accuracy of ou r ph o to m etry  and 
p a rtly  to  p rew hiten ing  our d a ta  w ith  th e  low -frequency sig
na l f A =  0.3553 c d - 1 before com puting  th e  n igh tly  zero
points.

I t  m ay be  th a t  long-term  aperiodic variab ility  of
0  C ephei s ta rs  is a  com m on feature , as th e  sam e k ind of 
low -frequency noise is p resen t in th e  am p litude  sp ec tra  of 
o th e r pu lsa to rs as well (see Jerzykiew icz e t al. 2005 for v E ri 
or H andler e t al. 2005 for 0 O ph).

As m entioned  in  th e  previous section, we identified a 
sinusoidal te rm  as a com bination  signal if its  frequency co
incided w ith  th e  sum  or difference of two or m ore previously 
de tec ted  oscillations w ith in  th e  observational errors. T his 
has several im plications. F irstly , a  com bination  frequency is 
always assum ed to  have a  lower am p litude  th a n  th e  pa ren t 
m odes. Secondly, a  d a ta  set w ith  a  b e tte r  frequency reso
lu tion  th a n  ours m ay reveal th a t  som e of th e  com binations 
we assigned m ay be chance agreem ents. T hird ly , one of our 
assignm ents is no t unam biguous: th e  signal identified  w ith  
2 f4 can  also be  m atched  w ith  f  +  f 3 w ith in  th e  accuracy of 
our d a ta . T h is com bination  m ay therefore be a m ix tu re  of 
th e  effect of b o th  paren ts.

T here  are tw o pairs  of close frequencies in  T able 2, 
nam ely 5.309/5.334 c d -1  and  5 .834/5 .845cd-1  . T he ir bea t 
periods, 40 and  88 d, respectively, are well resolved in  our 
d a ta . A fter p rew hiten ing  th e  two pairs  of signals, no peaks in

th e  v icin ity  of th e ir  frequencies can  be found in  th e  residual 
am p litude  spectrum . T herefore we have no evidence th a t  
any of these varia tions are due to  am p litude  or frequency 
variab ility  of th e  o th e r p a rtn e r  in  th e  doub le t, and  we will 
assum e th a t  all of th em  are varia tions in trinsic  to  12 Lac.

4 M O D E  ID E N T IF IC A T IO N

We now a tte m p t to  identify  th e  spherical degree I  of th e  
pu lsa tion  m odes by m eans of th e  uvy and  G eneva passband  
am plitudes of th e  p u lsa tiona l signals de tec ted  in  th e  light 
curves. T hese am p litudes are to  be  com pared w ith  th eo re t
ically p red ic ted  ones from  m odel com pu ta tions, requiring  
th e  m odel p a ram e te r space to  be constra ined  first. In  o ther 
words, we need to  determ ine  th e  position  of 12 Lac in  th e  
H R  d iag ram  as a s ta rtin g  point.

T he  ca lib ra tions by C raw ford (1978) applied 
to  th e  m ean  S trom gren  colour indices for 12 Lac 
listed in  th e  L ausanne P h o to m etric  d a ta  base 
(h ttp : / /o b s w w w .u n ig e .c h /g c p d /g c p d .h tm l)  resu lts in  
E (b  — y) =  0.076. T he  S trom gren  system  calib ra tion  
by N apiw otzki, Schonberner & W enske (1993) gives 
Teff =  24000 ±  1000 K. W ith  th e  G eneva colour indices 
(again ob ta ined  from  th e  L ausanne P h o to m etric  d a ta  base) 
of 12 Lac, th e  calib ra tions by Kuonzli e t al. (1997) provide 
Teff =  23500 ±  700 K and  log g =  3.4 ±  0.4. T he  analysis of 
IU E  sp ec tra  of a num ber of 0  C ephei s ta rs  led N iem czura
& D aszynska-D aszkiew icz (2005) to  derive th a t  12 Lac has 
Teff =  23600 ±  1100 K and  log g=3.65.

To d eterm ine  th e  abso lu te  m agn itude  of 12 Lac, we take 
advantage of th e  fact th a t  it  is p a r t  of th e  Lac O B 1b asso
ciation. T he  d is tance  m odulus of th is  association  was d e te r
m ined w ith  8.3 ±  0.3 m ag (C raw ford & W arren  1976). W ith  
V =5.25  and  th e  reddening  as de te rm ined  before, we have 
A v  =  0.33 and  th u s  M v =  —3.4 ±  0.3, w hich we ad o p t for 
th e  rem ainder of th is  work.

A ccording to  de Zeeuw e t al. (1999), th e  H ipparcos 
m ean  d is tance  of Lac O B 1b is 358 ±  22 pc, w hich yields
V — M v =  7.77 ±  0.13 m ag. T hese au th o rs  no te  th a t  th is  
value is sm aller th a n  m ost previous ones, for in s tance  by 
—0.53 ±  0.33 m ag from  th e  one by C raw ford & W arren  
(1976). O ne possible reason for th is  resu lt could be a p ro b 
lem  w ith  system atic  errors in  H ipparcos parallaxes (P inson- 
n eau lt e t al. 1998).

Sum m arising th e  te m p e ra tu re  dete rm in a tio n s quo ted  
before, we find Teff =  23700±  1000 K for 12 Lac, qu ite  sim i
lar to  th e  resu lts by Dziem bow ski & Jerzykiew icz (1999, log 
Teff =  4.374 ±  0.020). A ccording to  Flow er (1996), th is  ef
fective te m p e ra tu re  corresponds to  a bolom etric  correction  
of B C  =  —2.28±  0.10 m ag, and  therefore  Mbol =  —5 .7 ±  0.4 
m ag or log L =  4.18 ±  0.16.

T he  m eta l abundances derived for th e  s ta r  in  th e  lite ra 
tu re  show considerable sca tte r  and  we are unab le  to  identify  
a best value. C onsequently , given th e  new  solar abundances 
(A splund e t al. 2004), we assum e a  m etallic ity  of Z  =  0.015 
for 12 Lac. We show th e  position  of th e  s ta r  in  a theo re tica l 
H R  d iag ram  in  Fig. 3.

For th e  pu rpose of m ode identification , we will th e re 
fore assum e th a t  12 Lac is an  ob jec t of ab o u t 11.5 M q ap 
proaching th e  end  of its  m ain  sequence life. W e com puted  
theo re tica l pho tom etric  am p litudes of th e  0 <  I  <  4 m odes

http://obswww.unige.ch/gcpd/gcpd.html
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F ig u re  3. The position of 12 Lac in the theoretical HR dia
gram. Some stellar evolutionary tracks, for a metal abundance 
of Z  =  0.015, labelled with their masses (full lines) are in
cluded for comparison. We also show the theoretical borders of the
3  Cephei instability strip (Pamyatnykh 1999, dashed-dotted line) 
for Z  =  0.015, and the instability region for the Slowly Pulsating 
B (SPB) stars (dotted line).

for m odels w ith  m asses betw een 10.5 and  12.5 M q  in  steps 
of 0.5 M q , a  te m p e ra tu re  range of 4.355 <  log Teff <  4.395 
and  a  m etallic ity  Z  =  0.015. T h is approach  is sim ilar to  th a t  
by B alona & E vers (1999). T heore tica l m ode frequencies b e 
tw een 4.0 and  7.6 cd -1  were considered, except for frequency 
fA , for w hich a  theo re tica l frequency range betw een 0.3 and 
0.4 c d -1  was exam ined. W e com pare these theo re tica l pho
tom etric  am p litude  ra tio s to  th e  observed ones in  Fig. 4 for 
th e  Stroomgren uvy  filters. As we canno t be ce rta in  w hether 
th e  signals f 3 +  f A and  2 f8 are independen t m odes or no t, 
we include th em  in  our analysis.

T he  five pu lsa tions of h ighest am p litude  and  th e  
strongest com bination  frequency can  be  easily identified 
w ith  th e ir  spherical degree; we see a m ix tu re  of I  =  0 — 2 
m odes. For th e  low er-am plitudes m odes, th e  identifications 
becom e less certa in , b u t a t least som e possibilities can  be 
elim inated . For instance, signal f 9 =  6.702 c d -1  canno t be 
I  =  2 or 4, b u t it  also canno t be  I  =  0 e ither because its 
frequency ra tio  w ith  th e  rad ia l m ode f 4 =  5.334 cd -1  is in 
consisten t w ith  those for low -order rad ia l m odes. B ecause 
of sim ilar argum ents w ith  th e  frequency ratios, we can  also 
reject I  =  0 identifications for f 3 +  f A and  f 10. T he  m ode 
identifications derived th is  way are listed  in Table 3.

T he  observed am p litude  ra tio s  for th e  rad ia l m ode 
f 4 =  5.334 cd -1  are no t w ell-reproduced by theory. If we 
a tte m p t to  co nstra in  Z  from  th e  observed am p litude  ratios, 
we can  only o b ta in  a  m a tch  if we require  f 4 to  be  th e  fun
dam en ta l rad ia l m ode. In  th a t  case, Z  >  0.02. T he  observed 
am p litude  ra tio s canno t be rep roduced  if f 4 was th e  first 
or second overtone (b u t it has to  be  a rad ia l m ode in  any 
case). W e h asten  to  add  th a t  changing th e  m eta l abundance

T ab le  3. Mode identifications for 12 Lac from our analysis of the 
photometric amplitude ratios.

ID Freq.
( c d -1 )

1

f l 5.179034 1
f2 5.066346 1
f3 5.490167 2
f4 5.334357 0
f 5 4.24062 2
fA 0.35529 1, 2 or 4
f6 7.40705 1 or 2
f 7 5.30912 2 or 1 or 3
f8 5.2162 4 or 2
f9 6.7023 1
f10 5.8341 1 or 2
f 3 +  f A 5.84546 2 or 1
2/s 10.4324 1 or 2 or 3

will no t significantly  affect th e  theo re tica l am p litude  ra tio s 
for th e  non rad ia l m odes w ith in  th e  p a ram e te r space u nder 
consideration , hence will no t affect th e  I  iden tifications for 
any o th e r m ode.

F inally, we also show a com parison of theo re tica l and 
observed pho tom etric  am p litude  ra tio s  from  our G eneva 
pho tom etry , for th e  four strongest m odes of 12 Lac (Fig. 5). 
T he m ode identifications derived from  th e  uvy d a ta  are con
firm ed. For th e  low er-am plitude m odes, such a consistency 
check is no longer useful as th e  observed G eneva am plitude  
ra tio s  do no t have sufficient accuracy because of th e  sm all 
num ber of d a ta  po in ts available in  these  filters.

5 D IS C U S S IO N

5.1 T h e in d ep en d en t p u lsa tion  m odes

A s m en tioned  in  th e  In tro d u c tio n , tw o hypotheses to  explain  
th e  pu lsa tion  sp ec tru m  of 12 Lac seem ed prom ising before 
our m ultisite  cam paign  took  place: first, th e  presence of a 
ro ta tiona lly  sp lit tr ip le t consisting of th e  m odes ( f 1, f 3, f 4) 
and  second, th e  presence of th e  fu ndam en ta l and  first rad ia l 
overtones (m odes f 5 , f 3). O u r m ode iden tification  allows us 
to  judge these  hypotheses: ne ith e r is correct.

T he  suspected  ro ta tiona lly  sp lit s tru c tu re  consists of 
m odes of I  =  1, 0, 2, and  th e  suspected  rad ia l m odes b o th  
tu rn e d  ou t to  be  I  =  2. C onsequently , all previous a tte m p ts  
to  u n d e rs tan d  th e  p u lsa tion  sp ec tru m  of 12 Lac were no t 
correct.

Fortunate ly , ou r m ode iden tifications also resu lted  in  
th e  d e tec tion  of a  rad ia l m ode ( f4). T h is will be particu la rly  
helpful for th e  asteroseism ic in te rp re ta tio n  of th e  pu lsa tion  
sp ec tru m  of th e  s ta r , since th e  p a ram ete r space in  th e  H R  
d iag ram  w here its  seismic m odel will be located  is g reatly  
reduced. O n th e  o ther hand , none of th e  o th e r signals we 
de tec ted  occurs a t a  frequency ind icative of an o th e r rad ia l 
m ode, as estim a ted  from  th e ir  frequency ra tio s  to  f 4.

Two of th e  strongest m odes of 12 Lac are I  =  1. I t  is 
tem p tin g  to  suspect these  would be com ponents of a  ro ta 
tionally  sp lit m u ltip le t. T he  location  of th e  s ta r  in  th e  H R  
d iagram  as inferred above im plies a  rad iu s  of 7.0 ±  1.8 R q . 
D epending on w hether th e  two m odes would be |m | =
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F ig u re  4. Mode identifications for 12 Lac from a comparison of observed and theoretical uvy amplitude ratios, normalised to  unity at u. 
The filled circles with error bars are the observed amplitude ratios. The full lines are theoretical predictions for radial modes, the dashed 
lines for dipole modes, the dashed-dotted lines for quadrupole modes, the dotted lines for I  =  3 modes, and the dashed-dot-dot-dotted 
lines are for I  =  4. The thin error bars denote the uncertainties in the theoretical amplitude ratios.

(0 ,1) or m  =  ( —1,1 ), a  ro ta tio n a l velocity of 40 ±  10 or 
20 ±  5 km s-1  can  be  inferred, assum ing th a t  th is  sp litting  
reflects th a t  surface ro ta tio n  period. T he  m easured  v sin  i of 
12 Lac is 30 km s-1  (A bt, L evato & G rosso 2002), suggesting 
th a t  these  I  =  1 m odes are m ore likely to  be  |m | =  (0 ,1 ). 
Spectroscopic de te rm ina tions of th e  m  values of a t least th e  
th ree  strongest non rad ia l m odes would be  ex trem ely  helpful 
for th e  u n d ers tan d in g  of th is  s ta r ’s pu lsa tion  spectrum .

T he  frequency range spanned  by th e  in dependen t m odes 
of 12 Lac (betw een 4.241 and  7.407 cd - 1 ) is fairly large, and

corresponds to  th ree  or four rad ia l overtones. A sim ilarly 
large range of excited  p u lsa tion  frequencies has been  found 
for an o th e r 0  C ephei s ta r , v E ri (e.g., see Jerzykiew icz et 
al. 2005), and  could no t be  rep roduced  by s ta n d a rd  th eo 
re tica l m odels (P am yatnykh , H andler & D ziem bow ski 2004; 
Ausseloos e t al. 2004). C onsequently , one could suspect th a t  
th e re  is a  fu ndam en ta l p roblem  w ith  our u n d ers tan d in g  of 
pu lsa tiona l d riv ing in  th e  0  C ephei stars.

M ore in teresting  (and  m ore likely) is th e  idea th a t  th e  
in terio r chem ical com position  of th e  s ta r  is n o t hom oge
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F ig u re  5. Identifications for the four strongest modes of 12 Lac from a comparison of observed and theoretical amplitude ratios in the 
Geneva system, normalised to  unity a t U . The filled circles with error bars are the observed amplitude ratios. The full lines are theoretical 
predictions for radial modes, the dashed lines for dipole modes, the dashed-dotted lines for quadrupole modes, the dotted lines for I  = 3  
modes and the dashed-dot-dot-dotted lines are for I  =  4. The thin error bars denote the uncertainties in the theoretical amplitude ratios.

neous, a  suggestion  first b rough t forw ard by P am y atn y k h  
e t al. (2004). To drive all th e  observed m odes of v E ri, these 
au th o rs  invoked an  ad  hoc increase of th e  abundance  of th e  
iron-group  elem ents by a  fac to r of four in  th e  pu lsa tional 
d riv ing  region. I t  m ay be possible to  reconcile pu lsa tional 
d riv ing  of 12 Lac in  a sim ilar way. T heo re tica l investiga
tions of th e  question  w hether or n o t diffusion can  lead to  
th e  required  increase of heavy elem ents in  th e  d riv ing  re
gion while 0  C ephei s ta rs  are still on th e  m ain  sequence are 
cu rren tly  underw ay (Bourge e t al., in  p repara tion ).

We also found a low -frequency signal in  th e  light curves 
of 12 Lac. I ts  observed pho tom etric  am p litude  ra tio s  are 
consisten t w ith  non rad ia l p u lsa tion  in  a I  =  1, 2 or 4 mode. 
O n th e  o th e r h an d  fA is th e  only signal in  th is  frequency 
range, and  th e  s ta r ’s position  in  th e  H R  d iag ram  is far away 
from  th e  SPB  s ta r  in s tab ility  s tr ip  (Fig. 3). T herefore we 
canno t be  sure ab o u t th e  astrophysical cause of th is  varia
tion; it  could, for instance, be  due to  ro ta tio n a l m odulation . 
However, in  such a case th e  s ta r  w ould ro ta te  ra th e r  fast 
(vrot ~  120 km s-1  , or vrot ~  60 km s-1  , if th e  observed fre
quency was th e  first harm onic of th e  ro ta tio n  period) w hich 
seem s unlikely given its  m easured  v sin  i and  th e  conjec tured  
ro ta tio n a l sp litting  w ith in  th e  m odes of 12 Lac.

5.2  T h e com b in ation  frequ en cies - reson ant m ode  
coupling?

W e de tec ted  several in teresting  fea tu res in  th e  am plitude  
sp ec tru m  of 12 Lac concerning com bination  frequencies th a t  
p ro m p ted  us to  have a  closer look a t these  signals. For in 
stance, only com bination  frequency sum s were found; no 
frequency differences were detec ted . If frequency differences 
o rig inating  from  th e  sam e p a ren ts  as th e  observed frequency 
sum s had  th e  sam e am plitudes, th ree  of th em  should have 
been  de tec ted  in  our d a ta . T h is  is sim ilar to  w hat we found 
for v E ri (H andler e t al. 2004).

T he  single low frequency f A is also involved in  a com bi
n a tio n  w hich resu lted  in  a signal w ith in  th e  range w here th e  
in trinsic  p u lsa tion  m ode frequencies of 12 Lac are located. 
T he  am p litude  of th is  com bination  signal is unusually  high 
and  it is ra th e r  unexpected  th a t  f A chose to  com bine w ith  f 3 
only, and  n o t w ith  th e  h ighest am p litude  m ode ƒ  or th e  ra 
dial m ode f 4 w hich are involved in  m ore com binations th a n  

f3.
Q u ite  in teresting ly  as well, th e  low -am plitude signal f 8 

was found to  have a  harm onic of com parab le  am plitude , 2 f8 , 
th a t  could n o t be identified w ith  any o th er com bination  of 
p a ren t frequencies. O n th e  o ther han d , 2 f8 m ay be  an  inde
pen d en t signal th a t  ju s t h appens to  occur a t th e  expected  
frequency of a  harm onic. To shed m ore light on th e  n a tu re  
of f 8 and  its  possible harm onic we have co nstruc ted  its  pulse 
shape. We prew hitened  th e  V filter d a ta  w ith  all signals b u t 
f 8 and  2 f8, and  th e n  phased  th e  residuals w ith  th e  pa ren t 
frequency. T he  resu lting  phase d iag ram  is show n in  Fig. 6. 
T h is  g rap h  shows a  clear double-w ave pulse shape, w hich 
is unlike th e  “norm al” phase d iagram s of ste llar pulsations, 
a lthough  it should be no ted  th a t  some s ta rs  show sim ilar 
(unphased) light curves (e.g., see Joshi e t al. 2003).

T here  are tw o in te rp re ta tio n s  for th e  occurrence of com 
b in a tio n  frequencies: light-curve d is to rtions and  resonant 
m ode coupling. U nder th e  first hypothesis, th e  com binations 
are caused by th e  ste llar m a te ria l being unab le  to  respond  
to ta lly  elastically  to  th e  full acceleration  due to  pu lsation . I t 
should  resu lt in  com bination  frequencies whose am plitudes 
scale w ith  th e  p ro d u c t of th e ir  p a ren t m odes and  w ith  th e ir 
geom etrical cancella tion  factors. T he  phases of such com 
b ina tions relative to  those  of th e ir  p a ren ts  should  also be 
sim ilar.

However, such re la tionsh ips should in  general no t be  fol
lowed by m odes excited  by resonan t m ode coupling (Dziem- 
bow ski 1982). I t  is th e  d is tin c tio n  betw een th e  hypotheses 
of light-curve d is to rtio n  and  resonan t m ode coupling as th e
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F ig u re  6. Phase diagram for the signal at fs  =  5.216 cd- 1 . 
The data are summed into 25 equally-sized bins for clarity of 
representation.

cause of com bination  frequencies in  th e  am p litude  sp ec tra  
of 12 Lac th a t  we are try in g  to  achieve here.

C onsequently , we exam ined th e  relative am plitudes 
A ij / ( A i /A j ), w here A j  is th e  am p litude  of th e  com bina
tion  frequency and  A i and  A j are th e  am plitudes of th e  p a r
en t m odes, respectively, and  phases 0 ij  — (0 i +  0 j ), w here 
0 ij is th e  phase of th e  com bination  signal and  0 i and  0 j 
are th e  phases of th e  p a ren t m odes of th e  first-o rder com 
b ina tion  frequency sum s w ith  respect to  th e ir  paren ts. Such 
an  analysis has been  successfully used by Vuille (2000) and 
Vuille & B rassard  (2000) for th e  pu lsa ting  w hite  dw arf s ta r  
G 29-38. We show th e  relative am plitudes and  phases of th e  
com bination  frequencies in  Fig. 7.

Several in teresting  fea tu res can  be  n o ted  in  th is  graph. 
F irs t, th e  harm onic 2 fs has a relative am p litude  alm ost two 
orders of m agn itude  larger th a n  th e  o th er com binations. T he 
second largest relative am p litude  is due to  f 3 +  f A, still a 
factor of a t least th ree  larger th a n  th e  o thers.

C onsidering th e  re lative phases, tw o com binations are 
again  m arkedly  different from  th e  others: f 3 +  f A and  2 f 1. 
T he relative phase of 2 f 1 ind icates th a t  th e  pulse shape  of 
th is m ode has a descending b ran ch  steeper th a n  th e  rising 
b ranch , and  th a t  th e  light m ax im a are f la tte r th a n  th e  light 
m inim a. G iven th e  sm all am p litude  of th is  harm onic, th e  ef
fect is however m inim al. In  th e  rem ain ing  cases, th e  relative 
phases of th e  com binations ind ica te  a m ix tu re  of different 
pulse shapes. Some have a  rising b ran ch  steeper th a n  th e  de
scending b ran ch  (positive re lative phase), som e behave th e  
opposite  way (negative relative phase). Pu lse  shapes w ith  
descending branches steeper th a n  th e  rising branches are 
unusual for pu lsa ting  variables and  have to  ou r knowledge 
only been  found in  a few S Scuti s ta rs  (e.g., see R odriguez 
et al. 1997; M usazzi e t al. 1998).

T he  lowest panel of Fig. 7 shows th e  re lative am plitudes 
w ith  respect to  th e  relative phases. A gain, 2 fs and  f 3 +  f A 
s tan d  o u t, w hereas th e  o th er com bination  frequencies seem 
to  follow a tren d . G iven th a t  th ere  is a  2n am biguity  in  th e  
de te rm in a tio n  of th e  relative phases, f 3 +  f A m ay ac tua lly  
follow th is  trend .

In  any case, th e re  are tw o paralle l sequences of po in ts 
along th e  tren d . U nder th e  hypothesis of light-curve d is to r
tion , th is  can  be u n d ers tood  a t least p a rtly : as th e  spherical 
harm onic of these  com binations is defined by th e  p ro d u c t

5.8 10.2 10.4 10.6 10.8 11 
Frequency (cd-1)

0ij-(0i+0j) (rad)
F ig u re  7. Relative amplitudes (upper panel) and phases (middle 
panel) of the combination frequencies with respect to  their parent 
modes. The dotted line in the middle panel connects points of 
zero phase shift. The lower panel shows the relative amplitudes 
versus relative phase. Note the logarithmic scale for the relative 
amplitudes.

of th e  spherical harm onics of its  p aren ts , th e ir  pho tom etric  
am plitudes are su b jec t to  geom etrical cancellation , inc lud
ing th e  effect of inclination . T h is  is consisten t w ith  th e  ob 
servations: besides 2 fs and  f 3 +  f A, th e  com binations w ith  
th e  h ighest re la tive am p litude  involve th e  rad ia l m ode f 4 , 
w hereas th e  low er-am plitude com binations, th a t  should have 
h igher spherical degree and  th u s  suffer stronger geom etrical 
cancellation , are betw een non rad ia l m odes.

Com ing back  to  th e  n a tu re  of th e  unusual com bination  
frequencies, we have one m ore s ta tem en t to  make: if 2 fs 
were an  independen t m ode, it would ex tend  th e  dom ain  of 
m ode frequencies considerably  - and  th e re  is already  a p ro b 
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lem  w ith  d riv ing  th e  frequency range spanned  by th e  o ther 
modes!

For all th e  reasons given above, we can  th e n  only explain  
th e  occurrence of 2 fs by nonlinear m ode coupling (Dziem- 
bowski 1982). In  o th e r words, 2 fs is pushed  to  visible am 
p litu d e  v ia  a 2:1 resonance w ith  f s . T h is w ould exp lain  th e  
anom alously h igh  am p litude  of 2 fs , and  it  w ould also give us 
fu r th e r clues on pu lsa tional m ode identifications. If  f s were 
indeed due to  an  I  =  4 m ode, it  would only be able to  in 
te ra c t w ith  pho tom etrica lly  d e tec tab le  m odes of I  =  0, 2 ,4  
w ith  th e  2:1 resonance (see D ziem bow ski 1982). Since we 
were able to  ru le ou t I  =  0 or 4 for 2 fs (Fig. 4 and  Table 
3), it  can  only be  a  quad rupo le  m ode u n d er th is  hypothesis. 
As th e  az im u tha l order of th e  resonantly  excited  oscillation 
m ust be tw ice th e  az im u tha l o rder of th e  exciting  m ode, we 
are only left w ith  th e  identifications |m | =  0 or 1 for f s and  
|m | =  0 or 2 for 2 fs .

A sim ilar s itu a tio n  was found for th e  0  C ephei s ta r  KK 
Vel: its  strongest m ode has I  =  4, m  =  0. T h is  m ode shows a 
harm onic whose pho tom etric  am p litude  ra tio s  are consisten t 
w ith  I  =  0 (see th e  discussion by A erts, W aelkens & de P auw  
1994).

We n o te  in  passing th a t  th e  low pho tom etric  am plitude  
of f s is no t an  argum ent against it being able to  excite an 
o ther m ode v ia  resonan t m ode coupling: geom etrical cancel
la tion  reduces th e  am p litude  of an  I  =  4 m ode by one order 
of m agn itude  m ore th a n  th a t  of an  I  =  2 m ode (D aszynska- 
Daszkiewicz e t al. 2002). T herefore, th e  in trinsic  am p litude  
of f s w ould be  ab o u t a fac to r of 10 h igher th a n  th a t  of 2 fs .

C oncerning f 3 +  f A, we are less ce rta in  if it w ould also 
be resonan tly  excited. I ts  p ropertie s  are n o t as ex trem e as 
those of 2 fs , a lthough  its  am p litude  is still unusually  high. 
We w ould ju s t like to  conclude w ith  an o th e r speculation: 
m aybe it  is n o t f 3 +  f A th a t  is a  resonantly  excited  m ode. 
T he occurrence of a single self-excited m ode a t a  low fre
quency is also n o t easy to  u n d ers tan d . C onsequently , it can  
be hypothesised  th a t  in  fact fA is resonan tly  excited  by f3 
and  by an  independen t m ode a t f 3 +  f A.

T he  behav iour of all th e  o th e r com bination  frequencies 
is consisten t w ith  th e  hypo thesis of light curve d is to rtion , 
including f 1 +  f 4 th a t  has previously been  suggested  to  be 
a  resonan tly  excited  m ode (A erts 1996).

6 C O N C L U S IO N S

T he analysis of our extensive pho tom etric  observations of 
th e  0  C ephei s ta r  12 L acertae  h ad  a num ber of in teresting  
surprises to  offer. W e added  five new  in dependen t m odes to  
th e  five already  know n, w hich m ay suffice for asteroseism ic 
m odelling of th e  ste llar in terior. In  particu la r, one rad ia l 
m ode has been  found, w hich is of g rea t benefit in  re s tr ic t
ing th e  p a ram ete r space in  w hich a seismic m odel is to  be 
located.

O ur m ode identifications showed th a t  th e  previously 
suspected  ro ta tiona lly  sp lit m ode tr ip le t was pu re  coinci
dence; it ac tua lly  consists of th ree  m odes of different spheri
cal degree. In  th is  con tex t it is in teresting  to  n o te  th a t  th e  S 
Scuti s ta r  1 M on also exh ib its an  equally  spaced frequency 
tr ip le t (Shobbrook  & Stobie 1974), b u t th a t  th e  cen tra l 
tr ip le t com ponent is a rad ia l m ode (B alona & Stobie 1980; 
B alona e t al. 2001), th e  sam e situ a tio n  as found here.

T he  two pu lsa tion  m odes of 12 Lac th a t  were suspected  
to  be  rad ia l from  th e ir  frequency ra tio s  b o th  tu rn e d  o u t to  
be nonrad ial. T hese resu lts  are a w arning against perform ing 
m ode iden tification  by ju s t looking for “suspicious” s tru c 
tu res  w ith in  th e  pu lsa tion  m odes, such as equally  spaced 
frequencies, and  against m ode iden tification  by “m agic num 
bers” such as th e  expected  frequency ra tio s  of rad ia l m odes.

T he  m ode sp ec tru m  of 12 L acertae  consists of a  m ix tu re  
of pu lsa tion  m odes w ith  spherical degrees betw een 0 and
4 over a  large range of rad ia l overtones. T h is  is good and 
bad  news for asteroseism ology. T he  good news is th a t  m any 
m odes th a t  sam ple different regions of th e  ste llar in terio r are 
po ten tia lly  available. O n  th e  o th er hand , pu lsa tional m ode 
iden tification  becom es m ore difficult as th e  ra tio  betw een 
th e  num ber of observed and  theore tica lly  p red ic ted  m odes 
is sm aller com pared  to  o th er 0  C ephei stars. A un ique iden
tification  of all d e tec ted  pu lsa tion  m odes is therefore  no t 
possible from  pho to m etry  only.

W e m ust therefore p u t our hopes onto  th e  spectroscopic 
m ode iden tifications to  follow. Spectroscopic techniques can 
reveal th e  az im u tha l o rder of th e  m odes, m aking th em  com 
p lem en tary  to  th e  pho tom etric  m ethod . D uring  a spec tro 
scopic analysis it is possible to  fix th e  spherical degree of th e  
m odes to  th e  values following from  un ique pho tom etric  iden
tifications and  to  only derive m  from  th e  spectroscopy. Such 
an  approach  is p robab ly  m ore ro b u st com pared to  having to  
identify  b o th  I  and  m  from  spectroscopy, and  was already 
successful in th e  case of 6 O ph  (B riquet e t al. 2005).

A n o ther in teresting  resu lt from  our s tu d y  is th e  d e tec
tion  of a  signal th a t  could correspond  to  a linearly  stab le  
m ode excited  by a 2:1 resonance v ia  non linear m ode cou
pling. T h is  is p robab ly  th e  b es t case for such a m ode to  be 
p resen t in  a m ain-sequence pu lsa to r, and  it can  fu rth e r be 
te s ted  by deriv ing m ore s tringen t m ode iden tifications from  
an  even larger set of pho tom etric  m easurem ents. In  ad d i
tion , it  m ay be  possible to  infer th e  inc lina tion  of th e  s ta r ’s 
pu lsa tion  axis from  th e  relative am plitudes of th e  “norm al” 
com bination  frequencies.

F inally, we po in ted  o u t th a t  th e  range of excited  pu lsa
tion  frequencies of 12 Lac m ay be larger th a n  reproducib le  
by s ta n d a rd  m odels. W e therefore  suspect th a t  th e  in terio r 
chem ical s tru c tu re  of th e  s ta r  is no t hom ogeneous and  th a t 
th e re  is p robab ly  an  increased heavy elem ent abundance  
near th e  pu lsa tional d riv ing  zone due to  diffusion, as was al
ready  p o stu la ted  by P am y a tn y k h  e t al. (2004) for v Eri. Such 
an  in terio r com positional stra tifica tio n  could also exp lain  th e  
presence of 0  C ephei s ta rs  in  th e  LM C (Kolaczkowski e t al.
2004).
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