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Abstract. We report new determinations of the radius and maskowed that in extreme helium stars with temperatures around
of the pulsating helium-rich, hydrogen-deficient star LSS 31&84x 10° K, like V652 Her, thex-mechanism caused by iron-
(BX Cir) using measurements of radial velocity and angular rgroup (Z-bump) opacity can excite the observed pulsations. Saio
dius throughout its pulsation cycle. Measurements of radial (@994, 1995) predicted that LSS 3184 should pulsate because of
locity, and thus changes in stellar radidsR,), were made us- its location in the Z-bump instability finger. Kilkenny & Koen
ing Anglo-Australian Telescope echelle specHabble Space (1995) discovered that LSS 3184 shows photometric variations
Telescopaultraviolet spectra and ground-basB¥ photome- with a period of about 0.107 d. The similarity of V652 Her and
try were used to find temperatures and fluxes throughout th8S 3184 in temperature, surface gravity, and pulsation period
pulsation cycle. The temperatures and fluxes were used to fimglies that they are very similar in other physical parameters.
the angular radius of the stat), The o, Ao, and AR val- Kilkenny et al. (1999) have recently reported an observa-
ues thus found were used to calculate the mean stellar radiosal analysis of LSS 3184, including a determination of its
(R,) = 2.31 £ 0.10R. If we use the previously determinedphotometric period (0.1066 d). In addition, they used medium
logg = 3.35 £ 0.1 for LSS 3184 and our radius estimate, weesolution §/AX ~ 4000) spectra to measure radial veloc-
find its mass to bé/, = 0.42 + 0.12M,. ity variations and to show that the photometric variability is
caused by pulsations. Drilling et al. (1998) reported an analy-
Key words: stars: chemically peculiar — stars: oscillations sis of LSS 3184 in which they founflL.g = 23 300 £ 700 K,
stars: individual: LSS 3184 — stars: variables: general logg = 3.35 £ 0.1 andny/ng. < 0.00015. Kilkenny et al.
(1999) report that using the radius they determined lapd
from Drilling et al. [1998) gives a mass 6f15M, which is
much smaller tha).7M, the mass accepted for V652 Her
(Lynas-Gray et al. 1984), and small enough to imply that some
Pulsations in stars provide tools for researchers in several figlujgsut parameter or procedure is in error.
of astronomy. They provide standard candles for measuring In this paper we report an analysis of LSS 3184 using high
Galactic and extragalactic distances and they provide methoesolution optical spectra for radial velocity measurement and
for measuring stellar parameters, even below the directly aldtravioletHubble Space TelescofidST) spectra and ground-
servable photosphere. Pulsations in hydrogen-deficient, heliumasedBV photometry for temperature, luminosity, and angular
rich stars such as extreme helium, R Coronae Borealis, aadius measurement. The new data provide better temperature
hydrogen-deficient carbon stars have not been studied inaasl angular radius estimates and a much cleaner radial velocity
much detail as those in stars with more ‘normal’ chemical abucurve for the star, allowing a more reliable estimate of its radius
dances. While this is partly understandable since most pulsatargl mass than was possible previously.
stars have normal compositions, studying stars with little or no
hydrogen is important to allow tests of pulsation theory. 2. Observations and data reduction
Extreme helium stars, as their name would imply, have weak o )
or non-existent hydrogen absorption lines and very large Hel:- AAT visible spectral observations

lium abundancesy 99 per cent). Two extreme helium starsgpectra of LSS 3184 were obtained during the nights of 1996
V652 Her and LSS 3184, are known to pulsate. Saio (1993hy 18 and 19 using the University College London Echelle
Send offprint requests .M. Woolf Spect_rograph at the 3.9-m Anglo-A_ustraIian Telescope. Expo-
* Based on observations obtained with the NASA/ESAbble SUre times were between 4 and 5 minutes. Stantiard pack-
Space Telescopevhich is operated by STScl for the Association of9€S were used for bias and flat field correction, reducing echelle
Universities for Research in Astronomy, Inc., under NASA contragfders to one dimensional spectra, and applying the wavelength
NAS 5-26555. Based on observations obtained at the Anglo-Australg@ale using thorium-argon spectra. As the wavelengths cov-
Telescope, Coonabarabran, NSW, Australia ered by adjacent orders overlapped, the spectra covered the
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range 3850-505%\ completely. The spectral resolution was The procedure took two iterations. In the first iteration the
A/AN = 48000. Velocity corrections for Earth’s motion werebest results were obtained by using the sum of all the second
found for each exposure usimyCorRRECT and were applied night's LSS 3184 spectra asthe cross correlation template for the
usingDOPCOR. first night’s spectra and vice versa. The spectra from both nights
were then shifted by the velocities thus found and co-added to
provide the template for the second iteration. The absorption
lines in the second template were much sharper, as the velocity
Ultraviolet spectra of LSS 3184 were obtained using the Fairhearing due to the stellar pulsations was effectively removed.
Object Spectrograph of thdST. Observations were made inA third iteration was performed with the spectra shifted by the
RAPID mode using the blue detector, 186 square aperture velocities found in the second iteration before co-adding to make
and grating G160L over three orbits on 1997 February 7. Datee template, but the velocities from the third iteration were ef-
files reduced using the most recent calibration files were dovfgetively identical to those from the second. The velocities from
loaded from theHSTarchives on 1999 October 12. Individuathe second iteration, shifted so that the mean velocity is zero, are
exposures were made approximately 19.25 seconds apart. Stewn in Fig[l. Error bars show the weighted standard devia-
usable part of the spectra covered the range 1150-23@sed tions of the velocity from the echelle orders. Gaps are presentin
on the ephemeris of Kilkenny et al. (1999), observations duhe data where clouds prevented observations. From the the data
ing the three orbits covered the phagganges from 0.3154- in Fig.[d, we find that the peak-to-peak radial velocity variation
0.6099, 0.9327-0.2376, and 0.5602—-0.8651, where maxinuis 40.0 + 0.3 kms~!, which is larger than 30 kn !, the value
magnitude is atp = 0 and again at = 1. Thus the star was found by Kilkenny et al.[(1999).
observed by thélSTover 85.5 per cent of its pulsational cycle. Velocity data from the two nights were phased to
the pulsation cycle using the ephemeris of Kilkenny
et al. [1999): T, = 2449477.4691(+0.0016), Period =
0.1065784(40.0000005)d. The measured radial velocities were
3.1. Radial velocity determinations multiplied by the factor-1.42 to correct for projection effects
nd give the surface velocity through the pulsation cycle in the
llar rest frame. The projection factor was chosen based on
reliminary work by Monté&és Rodriguez et al[ (2000) (See
fs0 Albrow & Cottrell 1994; Gautschy 1987; and references
rein). We will discuss later the effects of choosing a differ-

2.2. Hubble Space Telescope ultraviolet observations

3. Analysis

The velocity shifts between spectra were measured using g
cross correlation packagexcor in 1RAF. For each measure-
ment the velocities found from 28 of the 35 orders of the eche
spectra were used to find a weighted average velocity. Weig

for the averaging were the inverse of the velocity errors report  projection factor. A smooth curve (high order polynomial)

by FXCOR. The unused spectral orders either had no strong as fit to the velocity data (Figl 2). The velocity values on this

sorption lines or had strong interstellar lines which did not allo%rve were used to calculate change in stellar radiu,() and
a reliable stellar velocity determination.
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The pulsation period was divided into phase bins and the
spectra and photometry within each bin were averaged. No sig-
nificant difference in the results was found with the period di-
vided into 15, 25, 50, or 99 bins. We will report the results found
for 25 bins.

A grid of line-blanketed model atmospheres was calcu-
lated under the assumption of plane-parallel geometry, hydro-
static equilibrium and local thermodynamic equilibrium using
the codesTERNE described by Jeffery & Hebef {1992) and
by Drilling et al. (1998). Following the latter, we assumed a
composition for LSS 3184 given byy = 0,nyg. = 0.99
andnc = 0.003, wheren represents fractional abundance by

L L L R .+ number, and all other elements were assumed to have solar-
0 05 ! like relative abundances. The grid extended between 15 000 and
phase 30000K,log g = 3.00 and 4.00 (cgs units). As will be shown

Fig. 2. Fit (solid line) to velocity data corrected for projection effectéater’ changing thivog g used in the model atmospheres makes

(points). The data have been folded over by 0.2 cycles in [Fif. zyg{yly adminor difference in the temperatures and angular radii
andb erived.

In the fitting procedurd g, angular radiusc), andEg _v
were allowed to vary and the downhill simplex program
AMOEBA (Press et al._1992) was used to find the minimum
x? difference between the synthetic spectrum and the observed
spectral and photometric data at each phase (Jeffery et al. 2000).
An example of the fit is shown in Figl 3.

When the extinctiorEs _v was allowed to vary we found
the mean to b&'s_v = 0.239 4 0.008. Because the extinction
is not expected to vary with pulsation phase, we chose to use
Ep_v = 0.24 throughout the cycle and did a second iteration
allowing only temperature andto vary.

velocity (km s™')

3x10°1°

2x10713

flux (erg cm™2 71 &71)
,‘0413

3.3. Radius determination

000 2000 S0 w00 mom In determining the radius of LSS 3184, we make two assump-
tions. First, we assume that the temperature (and dhuend

radial velocity (and thua R, ) were measured at approximately
Fig. 3. Best fit synthetic spectrum (dashed curve) plotted with ultraihe same layer in the stellar atmosphere. Second, because we
olet speptrum (histogram) arigV photometry values. This is for the measurey perpendicular to the line of sight anslR, parallel

phase bin centered at 0.580 to the line of sight, we are assuming that the pulsation is spher-
ically symmetric. Thus we gehR, /R, = A«/a. With these

surface acceleration. The phase bin centers for acceleration @fgHmptions we can use a modified Baade's method (Baade
AR, are shifted by half a bin with respect to the velocity bingl926) to findR,, using our previously determined valuescof
i.e. the end of an acceleration bin is the center of the next AR,

locity bin and the end of a velocity bin is the center of the next Thereare twowayswe candothis. Inthefirst, we choose two
AR, bin. phase bins, determin&«a /o andA R, between them and find

R, = AR,a/Aa«, with « and R, defined at one of the chosen
o phase bins. This method has the disadvantage of using data from
3.2. Temperature determination only two phase bins and thus ignoring additional information

To find temperature variations through the pulsation cycle, sy¢ailable from the rest of the pulsation cycle. In the second
thetic spectra were fit to the ground-bas@d photometry of Method we plotAa/a versusAR,. The slope of a linear fit to
Kilkenny et al. {1999) and ourSTultraviolet spectrophotom- the data points is thety .. We use the second method.

etry. Before the fitting, the spectra were binned in wavelength.

No information is lost through the binning since the fits are t;? Results and discussion

the shape of the spectrum, not to individual lines. The spec-

tra are noisy at short wavelengths, reflecting a drop in detecldre velocities, effective temperatures, and angular radii mea-
sensitivity. To avoid possible problems caused by this increasaded through the pulsation cycle of LSS 3184 are listed in
noise, only the part of the spectra with> 1270 Awas used. Table 1. The velocities are not corrected for projection effects

Wavelength (&)
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Table 1.Velocity, temperature, and angular radius through the pulsation
cycle of LSS 3184. Velocity is not corrected for projection effects.

0.04

|

¢ bin ve Teq ® P g3
range kms™')  (K) (107! arcsec) <

+0.40  +90. +0.005 S .
0.00-0.04 18.58 22500 1.799
0.04-0.08 14.80 22480 1.799
0.08-0.12 3.39 22480 1.794
0.12-0.16 -9.42 22450 1.790 phase
0.16-0.20 -16.00 22350 1.793
0.20-0.24 -18.31 22230 1.796
0.24-0.28 -19.18 22040 1.807 ~
0.28-0.32 -18.56 )
0.32-0.36 -17.53 21700 1.831 é
0.36-0.40 -15.04 21500 1.846 >
0.40-0.44  -12.94 21340 1.857 E
0.44-0.48 -10.36 21180 1.867 2
0.48-0.52 -7.59 21100 1.868
0.52-0.56 -5.38 21000 1.874
0.56-0.60 -2.82 20940 1.877 phose
0.60-0.64 -0.19 20930 1.876
0.64-0.68 2.36 20900 1.877
0.68-0.72 5.39 20900 1.877
0.72-0.76 7.47 20990 1.870 c
0.76-0.80 11.07 21100 1.864 o
0.80-0.84 13.85 21330 1.849 S
0.84-0.88 16.91 21540 1.840 E
0.88-0.92 18.83 21750 1.832 E
0.92-0.96 19.86 <
0.96-1.00 20.81 22410 1.802
# center of phase bin
b beginning of phase bin phase

Fig. 4. Surface acceleration, surface velocity, and change in radius of
LSS 3184 through its pulsation cycle
and are reported for the center of the phase bins. Temperatures

and angular radii are reported for the beginning of the phase

bins. Data are missing whekST observations did not fall in Kilkenny et al. (19909) shows a similar loop on the right hand

the affected phase bins. Typical uncertainties are indicated. side of the angular radius versus stellar linear radius plot. Our
The surface acceleration, surface velocity, and change inwgrk cannot be used as an independent confirmation of the non-

dius determined for LSS 3184 using the AAT spectra are shovimear angular versus stellar radius curve, however, as we have

in Fig.[4. Note that the surface velocity reported here is the uesed the samBV photometry as Kilkenny et al.

locity measured from the spectra multipliedby.42 to correct The non-linear shape makes determining the radius more

for projection effects and make positive velocity be away frowtifficult. It raises questions about the assumption made in using

the star’s center. Baade’s methodto finf,, thatA R, andA« are measurements
The change in radius has been set so that it is zero at phaifthe same quantity, with o decreased by a factor proportional
metric maximumeg = 0. to the distance to LSS 3184. One possible explanation of the dis-

Fig[3 shows the integrated flux between 1270 and 23!308crepancy is that we are measurifi@, and« at different layers
and the temperature and angular radius determined by fittinghe atmospheré\ R, is measured using optical spectra, while
synthetic spectra tdSTUV spectra and ground-basBY¥ pho- « is measured using ultraviolet spectra and optical photometry.

tometry through the pulsation cycle. It is possible that the layer where the optical lines are formed
Aa/ay is plotted against\ R, in Fig.[d. The ‘0’ subscript expands and contracts a bit differently than the layer where the
indicates that the reference bin is¢at= 0. ultraviolet continuum is formed. It is also possible that the star

As is seen in Figgl4 arld 5, the shapes ofdhend AR, and/or its pulsations are not spherically symmetric, as might
curves are not identical, which is the cause of the non-lineaccur if the star were flattened by rotation, so that the mea-
looped shape of thé\a/a versusAR, curve. If thea and suredA«, which is perpendicular to the line of sight, aAdz,,

AR, curves are normalized and placed on the same plot(Fig.Which is parallel to the line of sight, act differently. Further, the
the differences in the curves are more noticeable. Fig. 12 fr@ammosphere is not static. The atmosphere’s temperature is con-
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Fig. 7. a (solid curve) andA R (dashed curve) versus pulsation phase

stantly changing, and the pulsating layers undergo a substantial

compression at minimum radius, as shown by the spike in {{#999) for LSS 3184 and is closer to th&)1 R, mean radius

acceleration in Fid.]4, which may cause nonadiabatic effedisund for V652 Her by Lynas-Gray et al. (1984).

So the temperature may be acting differently in the expanding We tested the effects of using only a portion of the/«

part of the phase than in the contracting part. versusA R, curve to determing?,, though we have no reason
However, it is encouraging that the slopes of the expandit@reject any particular data points. If we use the points on the

(the upper half of the loop in Figl 6) and contracting (lower halfpper part of the curve, with phagel6 < ¢ < 0.56, then we

of the loop) parts of thé\a/« versusAR, curve are not too find (R,) = 2.16 + 0.07R. If we use the points on the lower

different. Aa andA R, are still correlated. part of the curve, ignoring the points to the left of the change
If we find the slope of the curve using a least squares fiit slope atAR, ~ 10000 km, so that0.60 < ¢ < 0.96, we

to all of the data points (dashed line in Fify. 6) then the radifiad (R,) = 1.75 + 0.08R. If we use only the points to the

at photometric maximum¢( = 0), the inverse of the slope, right of AR, = 0 km then we find(R,) = 1.97 + 0.10R,.

is 2.27 £ 0.10R, where the uncertainty is derived from thdn all cases, even the extreme one where we reject all points

standard error in the least squares fit to the slope. The averbgethose on the lower part of the curve, @&, ) is larger than

AR, over the pulsation cycle, withR, = 0 at¢ = 0, is R, = 1.35+0.15R, the value found by Kilkenny et al.{1999).

28190 km, 060.04R. So if we use all thé\a/a versusA R, Drilling et al. (1998) estimatedogg = 3.35 + 0.1 for

data points, we find the med®, to be(R,) = 2.31Rs. This LSS 3184. Ifwe usethiswithoyR,) = 2.31 R inthe formula

is larger than the.35 R mean radius found by Kilkenny etal.g = GM R~2,wefindM, = 0.42+0.12M,. Thisis largerthan
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0.15Mg, the mass found by Kilkenny et al. (1999) for LSS 3188. Conclusions
and closer t@).775°3, the estimated mass of V652 Her (Lynas-

Gray et al[1984). Our larger estimate results mainly from tfléréth's paperwe reportnew determinations of the radiits{ =
|

o . " 31+0.10R) and massi/, = 0.42+0.12M) of the pulsat-
larger peak-to-peak range of radial velocities we measured. w% hydrogen-deficient star LSS 3184. The radial velocity data

likely that the smaller velocity amplitude measured by KiIkenngnd temperature measurements are more reliable than those used

et al. resulted from a combination of the lower spectral reSP_r revious radius and mass determinations for this star, so our
lution and the lower signal to noise in the spectra they used. P . , '
:ﬂlmates are likely to be closer to the star’s actual parame-

This meant that even the best cross correlation template eie'rs Further improvements can be accomplished by imorovin
contained some velocity broadening, thus diluting the veloc}}M ' pro . -omp ymp 9
elog g and chemical composition estimates for LSS 3184. In

amplitude. L :
P L ddition, there needs to be further study of the difference be-
There are several sources of uncertainty in our mass detet- . ; ;
oo S : . . ween the shapes of the angular radius and physical radius curves
mination. Uncertainty in théog g used is a major contributor.

We note that it is impossible to determine the pulsation phat%aesed on temperature and flux megsgrements, and rad|all vel_oc—
[ty measurements, respectively. It is important to determine if

Of LSS 3184 when the spectrum used in the analysis of DriIIiQ e difference in shapes is a sign that some of our data or a ste
etal.[(1998) was taken in 1985, Bss unknown. They estimated. P 9 P

the temperature of LSS 31842300 + 700 K. Our data yield in our analysis is flawed, or if there is something happening in
a similar value(T,q) — 23230 K, if we useEB v = 027 the star itself that causes the two measures of radius to behave
il e - ] — - . ]

the extinction they used. However, because temperature, “dijlgerently with pulsational phase.

strengths, and other parameters presumably varied throughQy,iedgementswe thank Dr. D. Kilkenny for providing the dif-
the 1-hour exposure for their spectrum, it is possible that th@ential photometric data used in the temperature analysis. We thank
errors in their temperature and gravity determinations are largigs referee, Dr. D. Kurtz, for his helpful comments. We acknowledge
than the formal errors quoted. If we assume that LSS 3184 Hiaancial support from the former Department of Education of Northern
the saméog g as V652 Herlog g = 3.68 (Jeffery et all_1999), Ireland and the UK PPARC (grant Ref PPA/G/S/1998/00019).
instead oflog g = 3.35, then we find that it had/, = 0.92M,

As mentioned earlier, the modgl atmospheres used to Ca'?!é'ferences
late temperature and angular radius fref8TUV spectra and
ground-basedV photometry assumeldg g = 3.50. The as- Albrow M.D., Cottrell P.L., 1994, MNRAS 267, 548
sumed gravity enters into the stellar parameter calculations3a2de W., 1926, Astr. Nachr. 228, 359
the stellar atmospheres used and in calculating the mass figi{ing J.S., Jeffery C.S., Heber U., 1998, A&A 329, 1019

. : . autschy A., 1987, Vistas in Astron. 30, 197
the radius. Changinigg g in the model atmospheres by 0.50 degeffery C.S. Heber U.. 1992, AZA 260, 133

(to 3.00 or 4.00), but usintpg g = 3.35 to calg:ulate the massJe]cfery C.S. Hill PW.. Heber U.. 1099 AGA 346, 491

as before, changes tii€.s), (o), and(R.) derived by about 1 Jeffery C.S., Starling R.L.C, Hill P.W, et al., 2000, MNRAS submitted

per cent, and thus has only a small effeet{ per cent) on the gijkenny D., Koen C., 1995, MNRAS 275, 327

mass derived. The mass finally derived is proportionglto  Kilkenny D., Koen C., Jeffery C.S., et al., 1999, MNRAS 310, 1119
Uncertainty in the extinction also adds uncertainty to th&nas-Gray A. E., Sabnberner D., Hill P. W., et al., 1984, MNRAS

stellar parameters calculated. Usifg_v = 0.25 instead of 209, 387

0.24 increases the derivéd.s) by 510 K, or about 2 per cent, Montaiés Rodriguez P., Aznar Cuadrado R., Jeffery C.S., et al., 2000,

but Change$a> by 0n|y 0.2 per cent, and thus has avery minor In: Szabados L., Kurtz D. (EdS.), ASP Conf. Ser., The Impact of

effect on the derived stellar radius and mass. Large-Scale Surveys on Pulsating Star Research (IAU Coll. 176),

The derived radius varies proportionally with the projection ™ [:/r\/eslj Teukolsky S. A Vettering W.T L 1062 N
factor used to transform the measured stellar radial velocitfe§SS W- H., Teukolsky S. A., Vetterling W.T., et al,, 1992, Numer-
. " . S ical Recipes inFORTRAN, 2nd edn. Cambridge Univ. Press,
into surface velocities. For example, using a projection factor Cambridge
of 1.31, as Lynas-Gray et al. (1984) used in their analysis &f;y 1 1993 MNRAS 260. 465
V652 Her, instead of 1.42 would 9'\(@*> =2.12Rq instead of 530 H., 1994, In: Jeffery C. S. (ed.), CCP7 Newsletter No. 21, Univ.
(R«) = 2.31Rg. The smaller radius would give/,, = 0.37M, St Andrews, p. 50

instead ofM, = 0.42M. Saio H., 1995, MNRAS 277, 1393
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