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ABSTRACT

We present the analysis of simultaneous muilti colour
uvylc phaometry and low-resolution spedroscopy for
the repidly rotating 3 Cephei star SY Equ. From the pho
tometric time series, we confirm the dominant pulsation
frequency, f1 = 6.029 d~', and we find an evidence for
two additional modes. |n spedroscopy, the highest peak
ocaurs a f, = 0.197 d! or its alias 0.803 d"!. It can
be interpreted either in terms of a binary motion o as
the g-mode pulsation. In addition, we reved the pulsa-
tion mode with frequency of about 6.029 d°!, i.e. the
same which dominates phatometric variations, and a fen
new candidates. For the dominant frequency we obtain
mode identificaion from the combined phaometric and
spedroscopic observations. From non-adiabatic pulsa-
tioncdculations, we show that the frequency of the domi-
nant modein SY Equisconsistent with the stellarmodels
of much lower effedive temperaure than used in many

papers.
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3 Cephei-type variables; pulsation; rotation.

1. INTRODUCTION

SY Equ (HD 203664 is the ealy-B spedral type star,
BO.511In, clasdfied as the 3 Cephei variable by [1] from
the Hipparas phaometry. The star is one of the fastest
rotators among 3 Cephei pulsators, having projeded ro-
tational velocity of about 200 km s~! [7]. Moreover, it
isahigh Galadic latitude star with b = —27.5° which lo-
caesit morethan 1 kpc out of the Galadic plane.

There areseverd determinations of stell ar parametersfor
SY Equ. [7] derived log Tog = 4.447 X, log g = 3.7 dex
from the high-resolution ogticd spedra and estimated a
massof 14 Mg from the evolutionary tracks of [8]. On
the other hand, using Geneva phaometry, [2] determined
log Togr = 4.47 £+ 0.01 dex and logg = 3.9 + 0.3 dex.

*Based on phdometry obtained at the Biatkobw Observatory (Uni-
versity of Wroctaw) and onspedroscopy oltained at the David Dunlap
Observatory (University of Toronto)

Much lower value of effective temperdure, log Tog =
4.401 dex, was obtained by [6] from Stromgren phdom-
etry and equivalent width of the He line. We aopt here
stellar parameters derived from the Intemational Ultravi-
olet Explorer (IUE) spedra and visual phaometry by [9]:
log Ter = 4.388+ 0.035and log g = 3.905+ 0.1. These
values result in a massestimate of 11.5 + 1.5 M if the
metalli city Z = 0.02is assumed. The metalli city in terms
of [m/H], obtained from the IUE/INES data, amourts to
0.00 £ 0.21 dex, which correspondsto Z = 0.021(02.
We preferto rely onthis detemination becaiseit uses ul-
traviolet spedral region, whereB-type stars emit most of
their energy.

In this note we give only a brief outline of our results.
The full analysiswill be puldished elsewhere

2. OBSERVATIONS

2.1. Photometry

The new CCD phaometry of SY Equwas cariied ou in
Biatkbw Observatory (Wroctaw University) during five
nights between August 14 and September 3, 2004 We
used Stromgren uvy and Cousins I passands. The ob-
tained frames were céibrated in a standard way and then
reduced using the profilefitting and aperture phatometry
of the Daophd padkage [12].

2.2. Spectroscopy

Spedroscopic observations of SY Equ were obtained
with the Cassegrain spedrograph attached to the 1.88-m
telescope of the David Dunlap Observatory (University
of Toronto). The data consist of 171 spedrataken on 12
nights between August 8 and September 1, 2004 i.e., Si-
multaneously with the Biatkow phaomety. The spedra
weresampled over the range 4000-460A with the 600
lines per mm grating gving a dispersion o 0.62 A per
pixel. The exposure times werel5 minuteslong The re-
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Figure 1. The mean spedrum of SY Equin the observed
range obtained by averaging of 171 namalized individ-
ual spedra. IB standsfor interstellar band

ductionswere made with standard IRAF? routines, which
include cosmic ray removal, bias corredion, flat-fielding,
and wavelength cdibration. The spedra were moved to
the heli ocentric frame. In Fig. 1 we show the mean spec
trum of SY Equ.

3. FREQUENCY ANALYSIS

The phaometric light curve of SY Equ is dominated
by the mode with frequency f = 6.029 d~!. The 2004
Biatkdw vbylc phaometry folded with the period o
0.165871d=1/f is howninFig. 2. In order to seachfor
posshble low-amplitude modes, we combined threepho-
tometric datasets. Geneva V-band data of [2], ASAS-3
V-band phdometry [11, 10] and Biatkow 2004 dita in
the Stromgren y band. These data ver the time interval
of almost 9 yeas, between 1997and 2005 In Fig. 3 we
plotted Fourier periodogams of the combined V' /y data
showing conseautive steps of prewhitening. We seethat
except for the well-known dominatingmode, at least two
low-amplitude modes are present. Their frequencies are
equal to 8.360and 7.821 d!, but dueto the severe dias-
ing, their values are not certain.

For the spedroscopic data, we seached for intrinsic vari-
ations in the first four moments of four spedral lines:
H~v, Ho, He4471, and He4387, labeled in Fig. 1. More-
over, we did the same for radial velocities obtained by
means of the aosscorrelation function (CCF) technique
using the whole observed spedrum excluding the region
of the intestellar band (1B, Fig. 1). The frequencies of
the terms we found are summarized in Tab. 1. In all
lines and the CCF radia velocity, we have found low-
frequency variation at 0.197 d~!, which did na appea
in phdometry, and the pe&k known arealy from pho-
tometry, ~6.029 d~!. The radial velocity amplitudes of

1IRAF is distributed by the National Opticd Astronamy Observato-
ries, which are operated by the Association o Universities for Reseach
in Astronamy, Inc., under cooperative agreament with the National Sci-
ence Foundition.
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Figure 2. Phase diagrams of the Biatkbw 2004 & Equ
light-curves folded with the period of 0.165871 d Going
from top to batom, data in u, v, y, and I phaometric
passands are shown.
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Figure 3. Fourier periodog-amof the of the combined V/y
phaometric data of SY Equ (top) and &ter conseautive
steps of prewhitening (lower parels).

these two frequencies are 15 and 12 kn s~ !, respec
tively. Additionaly, we found low-amplitude changes
with 442 d~! and 061 d~!. The latter could be the
rotation frequency of SY Equ. In Table 1 we give fre-
guencies which were identified after subsequent stages
of prewhitening for threemoments of two lines (Hv and
Hé) and V;..q(CCF). The important results is that we did
not find the variation with frequency 21, where f; isthe
frequency of the dominant mode, in the seacond moments
of the analyzed four lines. Thisleadsimmediately to the



Table 1. Frequencies [in d~!] deteded with signa-to-noise (SN) ratio greater than 4in the first three moments of Hv
and Hé lines, and CCF radial veocities. The frequencies are given in the order of detedion. Numbers in parentheses

denote ther.m.s. errors of the last digits.

| Hy | HJ | |
| My \ M, | Mo | My \ M, | Mo | Viad (CCF) |
6.031839) | 0.197Q15) | 0.1921(27) | 0.468342) | 0.197((16) | 6.035414) | 6.0241(12)
6.0267116) | 6.028330) | 6.028437) | 6.025318) | 0.353221) | 0.197819)
0.609421) 4.420533) 4.4281(28)
9.030428) 0.602636)
conclusion that the dominant frequency has to be anon ' ' ' T \'
axisymmetric mode (m #0). 6r ]
Recently [2] suggested two additional modes with fre- 5t ]
quencies of 6.82902and 481543 d!, from the analysis I
of the Geneva phaometry. The former is probably an 4 .
alias of our modewith 7.821 d~!, the presenceof the lat- Xz :
ter was not confirmed in our analysis. 3L i
ok x;777777777777777777777777777777777:
i —e—M=115M_ logT, =4.391 logg=3.905
—e—M=105M, logT, =4.358 logg=3.805
1k —— M= 95M,_ logT, =4.360 logg=4.005
—e—M=12.0M, logT, =4.415 logg=4.005
4. MODE IDENTIFICATION e M=135M_ logT,, =4.415 l0gg=3.805
O 1 " 1 " 1 " 1 " 1 " 1 " 1
0 1 2 3 4 5 6

We determined the amplitudes and pheses of the light
curves in uvylc bands and o the radial velocity varia-
tions. Using these data for the dominant frequency, we
identified its gphericd harmonic degree ¢, by means of
the method invented by Daszyhska, Dziembowski and
Pamyatnykh [4, 5]. The method combines phaometry
and spedroscopy and consists of simultaneous determi-
nation o the ¢ value and the pulsation noradiabatic pa-
rameter f. The f parameter describes the ratio of the
relative luminasity variationto the radial displacement of
the surface and it gives information onsubphdospheric
layer. In the case of § Scuti stars, this new diagnostic
tod probes the dficiency of convedion[4], whilein the
case of 3 Cep stars, it providesastringent probe of stell ar
opadties[5]. From this method, we get the unambiguows
¢ = 2 identification. In Fig. 4, we show the x? value s a
function o ¢. The horizontal line & x2 = 2.1 corresponds
to 95% confidence level. In the next step, we identified
the azmuthal order, m, from spedroscopy, using mono-
chromatic amplitude and phase diagrams aaossthe line
profiles. In Fig. 5 we plot these diagrams adossH~y. As
one can seeg the anplitude readies a very sharp maxi-
mum in the line canter, which indicates |m| = 2 as the
most probable identification. The sign o m is obtained
from the phase dhanges. Because the phase deaeases
aaoss the line profile with increasing wavelengths, the
mode must be prograde, m = +2. Thus, the dominant
frequency of SY Equis a sedoral prograde mode with
¢ = 2. Such mode identification excludeslow inclination
angles becaise sedoral modes are poaly seen when the
star is observed nea pole-on.

Figure 4. The value of x? as a function o ¢ obtained
for five models of SY Equ. The models are located in the
error box defined in Sed. 1.

5. PULSATION MODELING

Having identified the geometry of the main pusation
mode in terms of ¢ and m parameters, we may compare
the observed frequency of this mode with the theoreticd
predictions. For this purpose, stellar evolutionary models
were cdculated using Warsaw-New Jersey evolutionary
code, assuumingthe OPAL opadti esandthe standard solar
mixture of elements. Linea norediabatic pulsation cd-
culations were performed with the use of Dziembowski’s
code, which includes the rotation effeds on cscill ation
frequencies up to the second ader in the rotational ve-
locity. AlthoughSY Equ rotates very fast (at least 35%
of the bre&-up velocity), we can negled deviationsfrom
the sphericd symmetry dueto eff edsof centrifugal force,
because the ratio of the rotation frequency to pusation
frequency is gill much lessthan 0.5.

In Fig. 6, unstable modeswith ¢ =0, 1, and 2for models
with amassof 12 M, evolving from ZAMS to TAMS,
are shown. Theinitial hydrogen abundancewas X = 0.7
and the heavy element abundance Z = 0.02. We oon-
sider two values of the rotational velocity, v,.s= 0 and
200 kns~!. Theverticd linesmark therange of effedive
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Figure 5. The monachromatic amplitude (top) and phase
(bottom) diagrams for Hv. Theline profileis plotted with
a thin line and the amplitudes and phaes with a thick
one. Errors are shown as grey shadows. Right ordinate
isgivenin flux units andrefers to the line profile.

temperatures determined from the I[UE spedra. Therota-
tional velocity of SY Equis equal to at least 200 kms™ 1,
which gives rotational frequency of ~0.6 d~! assuming
the stellar radius of about 6.5 R. If the frequency of
6.029 d~! (solid haizontal line) is a sedoral prograde
mode, we have to compare theoreticd values with the
centroid of the ¢ = 2 mode which shoud be placel at
about 4.8 d~' (dotted harizontal line). As one can see
from Fig. 6, for Z = 0.02 the pulsation instability begins
at log Teg of abou 4.41 dex, which is much lower than
the dfedive temperature of SY Equ used by some au-
thors, e.g. [2] and[7]. Moreover, we chedked the metal -
licity and masseff eds onthe instability domain consider-
ing several values of Z and M. Changing Z from 0.015
to 0.025shifts the hottest unstable mode from log T ~
4.40t0 4.42 dex. Changingmassfrom 11to 13 M, gives
exadly the same dfed onthe hot edge of instability.

6. CONCLUSIONS

We presented the results of the frequency analysisof both
the phaometric and spedroscopic time series of SY Equ.
In bah datasets, we foundthe dominant mode & f; =
6.029 d~!, and several new candidate frequencies. More-

10 T T T T T T
i a v, =0kmis | ® (=0 f
9l A A /=1 4
r, - % t=2)!
8+ » ;¥ ] 4
s '
. - i
* '
5 7t ISP : .
S s, e !
> ? .4 -t i
g ® a4, T :
g 3 4 4. % ' '
g Sk OO S ® B
k= *g i 5 S
4 - * % ‘3 E
o
3k 1¥* 4
2 :I " 1 " 1 " 1 L 1
4.42 4.40 4.38 4.36 4.34
log T,
10 — T T T ; T
‘ =200 kmis| ® /0|
ol %* AA Vit mis A =1 i
[ N X (=2
L * a i -
8 K ;s*%A :
9(‘ 9(. ] 4 :
T 7r PRI R, i 1
S, . * e '
~ 6 KXY ou . :
2 2 A 2 |
o) 2 . % !
S sl LA NN i
g rrrrrrrrrrrrrrrrrr T T,
- * * *3%
4+ g X ’1* . E
' ‘i
3+ ‘ x % b
2 L1 1 1 1 L 1
4.42 4.40 4.38 4.36 4.34
log T

eff

Figure 6. Evolution of unstable modeswith ¢ = 0, 1, and
2 in asequenceof 3 Cephei star modelswith massof 12
Mg, asaming Z = 0.02. The models cover the phase
from ZAMSto TAMS. The two parels show the dfeds of
rotationd velocity (0 and 200kms™!) on the pulsation
frequencies.

over, thereis alow-frequency variationat f, =0.197 d*!
deteded in radial velocities, which can be an evidence
of the binary motion o the excitation o a gravity mode.
For the dominant mode we confirmed the ¢ = 2 identifica:
tion of [2] andidentified the azmuthal order, m = +2. It
means that the dominant frequency is a sedoral prograde
mode with ¢ =2. However, one has to be avare that at
Uror &~ 200 kms™!, therotational mode coupingcan take
place if the frequency diff erencebetween modes j and k&
is of the order of anguar velocity of rotation, and if the
sphericd harmonic indices stisfy the relationl; = [+
2, see[3].

Recantly, [2] made an attempt of comparisons of theoret-
icd frequencies with the observed value of the dominant
mode, but the authors totally ignared the f eds of rota
tion and the instability condtion. Our analysis showed
that only for lower effedive temperatures we enter the
instability domain. These temperature values agreevery
well with the range determined from the ultraviolet IUE
spedra. Moreover therotationeffedsonfrequenciescan-
not be negleded for such rapid rotator as SY Equ.
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