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1. I n t r o d u c t i o n 

T h e recent d iscovery o f pulsat ing subdwar f Β ( s d B ) stars at the South Afr ican 

A s t r o n o m i c a l Obse rva to ry (Ki lkenny et al. 1997; K o e n et al. 1997; S tobie et al. 

1997; O ' D o n o g h u e et al. 1997) has opened a brand new avenue in the field o f 

as terose ismology. T h e s tudy o f these pulsators ( d u b b e d E C 1 4 0 2 6 stars, after 

the p r o t o t y p e ) offers the exci t ing possibil i ty o f exploi t ing the full p o w e r o f 

as te rose ismology t o investigate the sdB phase o f stellar evolu t ion , one o f the 

last frontiers in our general unders tanding o f the history o f stars. 

T h e exis tence o f pulsat ing sdB stars was predic ted theoret ical ly by C h a r p i -

net et al. ( 1 9 9 6 ) as part o f the first sys temat ic invest igat ion o f the asteroseis-

molog ica l potent ia l o f stellar mode l s on the ex t reme hor izontal b ranch ( E H B ) 

and b e y o n d . Th i s was m a d e possible thanks t o significant progress in our 

ability t o c o m p u t e increasingly sophist icated and realistic mode l s for this rel-

atively neglected phase o f stellar evolut ion (see D o r m a n 1995 for a r ev i ew) . 

Charpinet et al. ( 1 9 9 6 ) uncovered an efficient driving mechan i sm due t o an 

opac i ty b u m p associa ted with iron ionizat ion in such mode l s . 
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Odd ly enough , b o t h observat ional and theoret ical efforts were carried ou t 

total ly independent ly o f each other at abou t the same t ime. T h e d iscovery 

o f the first E C 14026 stars in South Afr ica , however , gave our g r o u p added 

confidence in the bas ic validity o f the approach o f Charpinet et al. ( 1 9 9 6 ) . 

This also led us t o further refinements o f the physical descr ipt ion o f the iron 

b u m p mechan i sm responsible for driving pulsat ion m o d e s in mode l s o f sdB 

stars. T h u s , in Charpinet et al. ( 1 9 9 7 ) , we demons t ra ted the exis tence o f a 

theoret ical instabili ty strip in which all the currently known E C 14026 stars 

fall, and ob ta ined an excellent quali tat ive agreement be tween the per iods o f 

the expec t ed driven m o d e s and the observed per iods . L o w order radial, and l o w 

order and l o w degree nonradial (ρ and / ) m o d e s are involved. In the fo l lowing, 

we summar ize these and still m o r e recent theoret ical deve lopments . 

2 . T h e n a t u r e o f t h e s d B stars 

It is n o w well established that sdB stars are evo lved , c o m p a c t , E H B and p o s t -

E H B o b j e c t s . T h e y are certainly evolved f rom the R G B , but we still d o not 

k n o w exac t ly h o w they are fo rmed . T h e sdB stars are quite abundant in terms 

o f surface density in shallow pho tog raph i c surveys such as the P a l o m a r - G r e e n , 

M o n t r é a l - C a m b r i d g e - T o l o l o , and E d i n b u r g h - C a p e surveys. For instance, they 

domina te the popu la t ion o f blue o b j e c t s for 16. A b o u t 300 sdB stars are 

brighter than V ~ 14.3 in the comple t e P a l o m a r - G r e e n survey. 

Quant i ta t ive studies o f the spect ra o f sdB stars (see Saffer et al. 1994 and 

references therein) have revealed that their a tmospher ic parameters are found 

in the ranges 40 ,000 Κ > T e f f > 24,000 Κ and 6.2 > log g > 5 .1 . T h e average 

values in the Saffer sample o f 213 stars are < T eff > ~ 30,740 Κ and < log 

g > ~ 5.68. In addi t ion , they are all chemical ly peculiar . Thei r a tmospheres 

are domina t ed by hyd rogen , with helium typically underabundant by m o r e 

than one order o f magn i tude (in n u m b e r ) . Heavier elements (part icular ly C , 

N , and Si which have been well s tudied) show abundance anomalies that can 

b e quite large (see , e.g. , Heber 1991) . It is bel ieved that diffusion processes 

( m o s t l y gravi ta t ional settling and radiat ive l év i ta t ion) are at work in these 

stars, poss ib ly in c o m p e t i t i o n with weak stellar winds ( M i c h a u d et al. 1 9 8 5 ) . 

T h e pos i t ions o f the real sdB stars in the T e f f - log g plane ( o r , equivalently, 

in the H R d i ag ram) force their identification with l o w - m a s s (M £ 0.5 M 0 ) , 

helium co re -bu rn ing mode l s with outer Η-r ich envelopes that are t o o thin to 

sustain appreciable hydrogen shel l -burning on the Z A E H B . Consequent ly , af-

ter core hel ium exhaus t ion , these o b j e c t s d o not ascend the A G B ; they instead 

turn left during their evolu t ion in the H R diagram and, ul t imately, col lapse as 

l o w - m a s s whi te dwarfs . A typical evolut ionary t imescale for a star in the sdB 

phase is o f order ~ 1 0 8 yr . 
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3 . T h e dr iv ing m e c h a n i s m in E C 1 4 0 2 6 star m o d e l s 

In a first effort, Charpinet et al. ( 1 9 9 6 ) investigated the pulsat ion propert ies o f 

detailed, full evolu t ionary mode l s o f sdB stars with uniform solar compos i t i on 

in the outer Η-r ich enve lope . A l t h o u g h all the m o d e s invest igated turned out 

to b e g lobal ly s table, this led t o the discovery o f a region o f s t rong loca l driving 

associa ted with a m a x i m u m in the Rosseland opac i ty in several o f these mode l s . 

This b u m p in opac i ty , somet imes referred t o as the " Z - b u m p " , is essentially 

due t o the ionizat ion o f an electronic shell o f iron conta ined in the solar mix ture 

assumed in the stellar mode l s . This opac i ty feature is sufficiently impor tan t 

and well l oca t ed in sdB star mode l s t o p r o d u c e significant loca l driving th rough 

the K - e f f ec t . 

Because diffusion processes are known to b e at work in sdB stars (causing 

local overabundances - a n d u n d e r a b u n d a n c e s - o f a given element , depending 

on the loca t ion in the s ta r ) , Charpinet et al. ( 1 9 9 6 ) reasoned that iron cou ld 

plausibly be overabundant in the driving region, thus further b o o s t i n g the 

local opac i ty there. This was justified by rough radiat ive lévi tat ion calculat ions 

indicat ing that iron should indeed b e overabundant in the critical region. T h e y 

invest igated the quest ion with relatively crude envelope mode l s in which the 

(un i fo rm) metal l ic i ty was artificially increased b e y o n d the solar value. M o d e l s 

with Ζ > 0.04 were found t o b e unstable and, on this basis, Charpinet et al. 

( 1 9 9 6 ) m a d e the predic t ion that a subclass o f sdB stars should show luminosi ty 

variations resulting f rom pulsat ional instabilities. 

In a second effort, we reinvestigated the stability p rob l em by cons t ruc t ing 

m o r e sophis t ica ted mode l s in which the crude assumpt ion o f uniform metall ic-

ity has been replaced by the m o r e realistic condi t ion o f diffusive equi l ibr ium 

be tween gravi ta t ional settling and radiative lévi tat ion on the meta l - i r o n - re-

sponsible for the driving process (see Charpinet et al. 1997) . This necessi tated 

detailed calculat ions o f radiat ive forces on iron in the mode l s (see, e.g. , Chayer , 

Fontaine, & Wesemae l 1995) and the compu ta t ions o f special O P A L opac i ty 

tables taking into accoun t the large variations o f the iron abundance abou t 

the c o s m i c value predic ted by equil ibrium radiative lévi tat ion theory. 

Figure 1 illustrates s o m e propert ies o f these m o r e sophis t icated stratified 

enve lope m o d e l s . T h e solid curve in each panel gives the iron abundance as a 

funct ion o f fractional mass depth log q. T h e panels co r respond to a series o f 

representat ive sdB mode l s with log g = 5.8 and with effective tempera tures 

ranging f rom ~ 22 ,000 Κ to abou t ~ 42 ,000 K. N o t e that large overabun-

dances o f iron can b e suppor ted by radiative lévitat ion in certain regions o f 

the enve lope o f the stars, especially for the hot ter mode l s . 

Assoc i a t ed with the nonuni form profile o f iron is the run o f the Rosseland 

opac i ty ( d o t t e d curve in each pane l ) . T h e loca t ion and shape o f the iron o p a c -

ity peak are the critical factors in the efficiency o f the driving process . It turns 
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Figure 1. Equilibrium abundance of iron (solid curve) as a function of the fractional mass 
depth log q ( = log (1 — M(r)/M*)) for a series of representative models of sdB stars with 
M - 0.48 M©, log g = 5.8, log q(H) = -3.70, and log Tefr from 4.34 to 4.62 in steps of 
0.04. In each panel the tip of the solid curve on the right hand side corresponds to the 
location of the Rosseland photosphere. The dashed horizontal Une gives the normal value of 
the Fe/H number ratio. Also shown is the profile of the Rosseland opacity (dotted curve) 
whose logarithmic value can be read on the right axis. 

ou t that , at l o w effective tempera tures , there is not enough iron suppor ted 

by radiat ive lévi ta t ion, the iron opac i ty peak is rather b r o a d and l oca t ed rel-

atively deep , and n o overall driving is possible . B y increasing the effective 

t empera ture , the i ron opac i ty peak gets narrower, s t ronger , and m o v e s toward 

the surface ( the lat ter effect be ing caused by increasing overall i on iza t ion) . 

In effect, the peak ul t imately m o v e s through the critical region for efficient 

driving. A t t o o high effective tempera tures , the peak has m o v e d t o o far up in 

the enve lope , past the region o f efficient driving. This leads natural ly t o the 

fo rmat ion o f a b r o a d instabili ty strip. 

https://doi.org/10.1017/S0074180900238953 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900238953


371 

4 . S o m e s a m p l e results 

Figure 2 shows h o w the theoret ical pe r iod spec t rum is affected when changing 

the effective t empera ture , the 3 o ther free parameters o f the mode l s being kept 

fixed at typical values. Here, all m o d e s with / = 0, 1, 2 , and 3 are considered, 

and the per iod w i n d o w illustrated covers the range f rom 80 to 280 s. T h e 

various curves refer t o the fundamental m o d e s ( excep t for the case 1=1 and k 

= 1 ) , and divide the d iagram be tween the domain o f the p - m o d e s ( b e l o w the 

curves) and that o f the g - m o d e s ( a b o v e the curves ) . T h e exci ted m o d e s define 

a b road instabili ty strip in the range 39,000 Κ £ T eff £ 27,000 Κ (for these 

log g = 5.8 m o d e l s ) . Only s o m e o f the fundamental and s o m e o f the p - m o d e s 

are exci ted ; the g - m o d e s are not driven in the present m o d e l s . 

Excep t for the / - m o d e s and g - m o d e s , the per iod o f a given ( p ) m o d e is 

not very sensitive to T efr. However , if we focus only on the excited m o d e s , the 

figure reveals that the i r o n - b u m p mechanism can only drive high order m o d e s 

near the blue edge o f the instability strip, and the lowest order m o d e s near 

the red edge . Hence , we find a correlat ion be tween T efr and exci ted per iods 

such that the higher the effective tempera ture , the shorter the per iods o f the 

exc i ted m o d e s (pred ic t ion # 1 ) . In addi t ion , the figure reveals that the largest 

g rowth rates are found for mode l s with T eff ~ 33 ,000-36 ,000 K. Hence , we 

would expec t the pulsators with representative surface gravities near log g ~ 

5.8 to b e clustered primarily a round these effective temperatures (pred ic t ion 

# 2 ) . 

Figure 3 is similar, excep t that , this t ime, the effects o f varying the sur-

face gravi ty are i l lustrated. T h e effective tempera ture , total mass , and H- r ich 

enve lope mass are n o w kept fixed at typical values in this second ba tch o f 

m o d e l s . A s before , the curves divide the d iagram into the doma in o f g - m o d e s 

and that o f the p - m o d e s . Excep t for the o d d g - m o d e in the lowest gravi ty 

m o d e l s , the iron b u m p mechan i sm is seen t o b e able t o exci te on ly l o w or-

der p - ( a n d / - ) m o d e s . Physically, this is due to the fact that the p - m o d e s are 

primari ly enve lope m o d e s in sdB star m o d e l s , while g - m o d e s are pr imari ly 

core m o d e s with impor tan t ampli tudes only in regions loca t ed m u c h deeper 

than the driving region. (Th i s dist inction b e c o m e s m o r e fuzzy in the lowest 

gravi ty m o d e l s . ) O n the basis o f our calculat ions, we d o not expec t t o obse rve 

g - m o d e s in pulsat ing sdB stars (predic t ion # 3 ) . 

T h e figure also illustrates the large effects on the per iod spec t rum pro-

duced by changing the surface gravi ty while keeping the effective t empera ture 

cons tan t . O f course , this is n o surprise here as the mechanica l s t ructure is 

s t rongly affected. T h e per iod o f a given m o d e ( i .e . , for fixed values o f / and 

k) increases substantially with decreasing surface gravity, and this is w h y we 

were forced t o consider the wider range o f per iods , 8 0 - 8 0 0 s, in Fig. 3. T h e 

per iods o f the excited m o d e s fol low the same trend, so we expec t that the lower 
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Figure 2. Period spectrum as a function of effective temperature for representative sdB 
models with M = 0.48 MQ, log g = 5.8, and a Η-rich envelope mass log q(H) = -3.70. All 
modes with / = 0, 1, 2, and 3, and with periods in the range 80-280 s are illustrated. A 
stable mode is represented by a small cross, while an excited mode is represented by a filled 
circle. There are 7 different sizes of filled circles, each size representing a range of values of the 
modulus of the imaginary part of the complex frequency, σ;. In order of increasing circle size, 
the relevant values of σχ (in Hz) are < ΙΟ" 7 , 10" 7 < σ, < 5 χ 10~ 7 , 5 χ ΙΟ" 7 < σχ < ΙΟ" 6 , 
ΙΟ" 6 < σχ < 5 χ ΙΟ" 6 , 5 χ 10~ 6 < σ, < ΙΟ" 5 , ΙΟ" 5 < σ, < 5 χ ΙΟ" 5 , and > 5 χ ΙΟ" 5 . 
The most unstable modes are thus those represented by the largest filled circles. The curves 
join together the fundamental modes and separate the p-modes from the ^f-modes in the 
diagram. The dashed (long-dashed, solid, dotted) curve joins together the modes with / = 
0 and k = 0 (/ = 1 and k = 1; / =2 and k = 0; / = 3 and k = 0). 

gravi ty E C 14026 stars should show the longer per iods (predic t ion # 4 ) . 

Finally, o n e can also observe in the figure that the largest g rowth rates 

are found in the lowest gravi ty m o d e l s . Insofar as linear theory m a y b e relied 

u p o n , this suggests that the lower gravi ty E C 14026 stars should show the 

larger ampl i tudes (p red ic t ion # 5 ) . 
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Figure 3. Period spectrum as a function of surface gravity for representative s d B models 
with Teff = 34,000 Κ, M = 0.48 M © , and a Η-rich envelope mass log q(H) = -3 .70. All modes 
with / = 0, 1, 2, and 3, and with periods in the range 80-800 s are illustrated. As in Fig. 2, a 
stable mode is represented by a small cross, while an excited mode is represented by a filled 
circle. There are 5 different sizes of filled circles, each size representing a range of values of 
the modulus of the imaginary part of the complex frequency, ai. In order of increasing circle 
size, the relevant values of σ% (in Hz) are < 1 0 " 7 , 1 0 " 7 < σχ < 1 0 ~ 6 , 1 0 ~ 6 < σχ < 1 0 " 5 , 
1 0 ~ 5 < σ, < 1 0 ~ 4 , and > 1 0 - 4 . As in the previous figure, the most unstable modes are 
thus those represented by the largest filled circles. The curves join together the fundamental 
modes and separate the p-modes from the <7-modes in the diagram. The dashed (dotted, 
solid, long-dashed) curve joins together the modes with / = 0 and k = 0 (/ = 1 and k = 1; 
/ = 2 and k = 0; I = 3 and k = 0). 

5 . D i scuss ion a n d conclus ion 

T h e results o f our nonad iaba t i c studies o f mode l s o f sdB stars lead t o definite 

predic t ions which can , in principle, b e tested against the statistics o f E C 1 4 0 2 6 

stars. A l t h o u g h not enough statistics have accumula ted on these o b j e c t s ye t , 

the few results available are very encouraging and tend t o suppor t s t rongly the 
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reality o f the destabi l izat ion mechan i sm we have uncovered in our m o d e l s . For 

instance, the values o f the per iods o f the m o d e s discovered so far in E C 14026 

stars are all consistent wi th p - m o d e s (predic t ion # 3 ) . A l s o , it turns out that 

the first 6 E C 1 4 0 2 6 stars discovered have very similar a tmospher ic parameters : 

T eff ~ 34 ,450 Κ (450 Κ , rms devia t ion) and log g ~ 5.85 (0 .09 , rms dev ia t ion ) . 

This is the clustering o f pulsators expec ted in the range 3 3 , 0 0 0 - 3 6 , 0 0 0 Κ 

for stars wi th these gravities (predic t ion # 2 ) . Their pulsat ion proper t ies are 

also similar wi th per iods found in the range 104-184 s and ampli tudes o f the 

individual m o d e s ranging f rom a fraction o f a miUimag up t o 14 mi l l imag. 

W e k n o w o f the exis tence o f 2 o ther E C 14026 stars: the recently d iscovered 

pulsator K P D 2 1 0 9 + 4 4 0 1 (Billères et al. 1997) , a star with log g ~ 5 .83, but 

with a s o m e w h a t lower value T eff ~ 31,160 Κ . In that case, the per iod range 

is pushed t o s o m e w h a t higher values, 182-198 s, as expec ted for a coo le r star 

(predic t ion # 1 ) . T h e case o f P G 1 6 0 5 + 0 7 2 (Kilkenny, private c o m m u n i c a t i o n ) 

is even m o r e interesting. This star currently stands out as an E C 14026 o b j e c t 

with a relatively l o w effective tempera ture , T eff ~ 30,000 K, and, even m o r e 

significantly, with a rather l ow surface gravity, log g ~ 5.20. A s expec t ed 

(predic t ion # 4 ) , the range o f exci ted per iods is b roader and reaches values 

o f up t o 601 s. A l s o , the ampl i tude o f the dominant m o d e at 482 s reaches 

a value o f m o r e than 24 mil l imag, the largest so far observed in E C 14026 

stars (pred ic t ion # 5 ) . Qui te clearly, these results are rather encourag ing , but 

must b e seen as the first a t t empt t o elucidate the as terose ismology o f E C 14026 

stars, af ie ld still in its infancy. For an upda te o f the observat ional s i tuat ion, the 

reader is referred t o the interesting paper o f Stobie et al. in these Proceed ings . 
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