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DELTA SCUTI VARIABLES

We now c~me to a class of variables near or on the upper main

sequence that are reasonably well understood. The 6 Scuti variables

dawe been known since 1900 when Wright (1900J at high spectral

dispersion discovered that the radial velocity of 6 Scuti w-~ variable,

Colacevich (1935) observed radial velocities of this star in the 1930’s

and Fath (1935) made photometric observations simu]Laneously to show

thaL. there wcrt’ indeed pulsations. Other early discoveries were made by

Walker (1953) for DQ Cep and by Lindblad and ERgcn (1953) for CC And. IL

seems that any star of spectral type between A2V and FIV on the main

Srqu(?nt-e and bctwccn A5111 and F8111 in Lhe gianL region can pulsaLe in

this class. Thus thrrc are many of Lhcsc stars known. Ilreger (1979)

liHLs 129 of Lhrm in his rather rompre!hensivc review article. Whiir

Lhcsf! sLiirH ~rr cool rliough to br drivrn ir,to pulsal.ion by h“droRrn and

hrliurn ionizaticm and Llwir cyclic:il vnria~ions, thr in!ercsLing Lhing

is ihtit noL all Lhe sl:lrs in LIW inslnlliliLy %Lrip dcLIIn]ly arr obschrvrd

v;lryingm Thrrr *(*(*m Lo IMI no (’xr(qlli(mx for thr yrllow ginnl~, fiurh ~::

L]I(I (’(’])h(mi(ls, Lli(’ RR I,yrilr ill)(l llI(s Ill, Ilr!r vnriol~lrs, hul Iikc lb(’ l{

hlilr!+, I)lllf.iillioll ()[ [tlIs !+lars ill lh(- h S(”uli illslilt)i lily tilrip 110(’!’ 1101

;ll Wily S firm 1(1 ot’rur.

TII(*S(’ StilrS illl]l(’flr ill Illillly WilyS lihc 111(’ ]Ioplll:lli{]n II ht)ri~olllill

I)r;lnt.11 RN I.)fr”il(’ filnrs, wilh fill(~rl(’r IIrrio[ls. I’lillly ]Iil])t’rS !+11(’11 a!; 011(’};

I)y I:il(”ll (1[~55) for VZ Cll(” illltl I* V(’11 :1S rf’rrnlly ils l~ii(.h (l(lf~l),

(Iis~ll~:iill~ (:(: AI III illltl 111(* ~1 Ctl]lll(’i v;lri:lltl(~ (J S(. (1, illltl Fi 1( h :11}{1.Szr id]

(1’)70) ill ill);,’ zill~ A(; All(l, hnvr (’onsidrrml al Ir:is( 111(I lml~f’r ~lrri(ltl

onrs to IIIS M I,yrnr v;lrinlll r:;. Wilh 1111* t.nnxl rllt”t ion 1) I t’vol!lt ion

It”il(”ks, Il(wwl”, :111(1t III- (“lntmi 1 i 1“:1[i(~rl 01 lllr h(~i”iz[)lll il I I)r”illcll sl ii r:; lly

IIJIIII (l~J(I ;), it III*(;IIINI ;Il}lJ:IIx-111 111:11 Ollr v;lri;lhl(’s ilr~’ [111 111(’ I il”sl

rr(lfisin}~ ot” lhr llt’l”lzxllrlltl~ R:III, Tilt’y o~.[.ur ;11 I 111(’ w:ly ll”lm~ lllr Illil ill

sr(lu(’111”(’ lo 11111(tf.lltit’i(l rf”~ioli, 1)111 ill t 1111 (~f.]llit~itl rt’~it)li Ltlvy fwolvr so

1;1::1 [Ill III;H lirsl tr(l:;sill~, (llt*y ;Irf’ Il:lrtl It) IIis(”ltvrl”. T!l(’ (rely 011(” I

ktl(w ill Illf” (Ilii}llfii{l Itl i}:lllllf.:::: r;lll~f’ i:: A(I Anti, hill [II (wlirsr, prrli;i~ls

:+tmw of I llf~ (lt”llllt’itl:: llIfwI:;I’lvtss drf” I il”:;l {t”(lssillfi sl :11’:: ;IIIII I hfsI.IsIIIrf’

rt’nl IV h S(.111i v:ll.i:ll}lf’~:,



Eggen (1956) suggested that there was a real difference b~’’.~een the

low amplitude 6 Scuti variables and those with higher amplitudes, which

until recently have been called the Rils stars. Many have questioned

this distinction because they all have spectral t~es A or F and their

periods range from 0.02 to 0.3 day. Breger (1979) sLrongly proposes

that they all be called 6 Scuti variables, and that the other earlier

names be dropFed. One problem with these stars is that they frequently

display two or more periods. Walraven (1955) produced data for both SX

Phe and AI Vel which clearly indicated two periods were present at all

times . It may be that the interference between the two or possibly many

more periods can conftise tibservations and lead to a large range observed

for the pulsaLion amplitude~.

The subject of b Scuti variables has been reviewed a number of

Limes in the last 10 y~ars. The pi]p~r by Baglin eL al. (1973) is useful

in cataloging these stars and in providing a very extensive bibli-

ogriiphy. Fitch (1976) Ilas ctinsidrred especially those stars Lhat show

two or modes. Pr’lrrscn (1976) has given the Lhr(]reLica] sLallIs at LhaL

1 i me, dis[’ussing wheLh(’r lI1(*s(J ~Li]rs could hr of very low mass. 13ng]in

(1(J76) cm])hasizrs Lll(’ l“i]~l. Lh:Il Lller(’ seem Lo I)P nolipulsat.ors in th(!

illslill)ilily slril) wlli(”ll Illily II(’ (III(J 10 t}l(l grflvilntinnal seLLlillg of t]lc

(lrivirl~ (’lc’m(~nl Ilel ilml, S]lr illS() rollsidrrs how Lhrru ran I)(’ Irvil:]l ion

of mclti[lic c]cmcllLs wlljch can o(st.llr whf’n Lhr Ilrlillnl convr(-t ioc zo:lr

dis:ll~p(’:lrs with (1( ’~r(’il Sing I]rlium ilS LIlis IIf’lillm slrlks, llrr~rr (1976)

flist”llssf~il the !iIl!).je[’t 11[)1 ing lllitl [11(’ (Iw;lr{ C(’illl(?illS (Ii(l 11(-1 sr(wl 10 1)(’

illly (Ii I I’(’r(’ill l.llilll 111(’ 6 S(”111i v:lriilljl(’S. 11] i) r(’vivw I);l])rr, n(”lIJ:I1 Iy

f](ll ])r’[)SCsntI”(l IIU1 plll]lishrd, Al:vrrgllr rt iI1. (19HO) Ravc [IIC vittwp(,ill(

01 Lilt, Ni[’u ~rolll] wllit”ll renl;lills vt,rv :~t”t iv(. ill (lisl’[)vf”rill~ illl(l ol)srrvinp,

tllvs(, V:lriiil)lf. s. Tlli:; ~r(~ul), il, :1 l]nI)[~r hy V;ll[i (*r, II;igl ,11, ;Irl(I A(lv(. rRIl(*

(lo)()) II:lS Ilr(lll(lsr,l 111;11 111(, IIllls;,liorl IIt.ivill}; [.:111 1~~ {III(* ~,) l]y(lr(,~pll

Ii Iollr ill SI ;I I-S wll(’r(~ III(’ li{.liilm II;I:+ sl][lk [()() ~IrIt~l}. ‘i’liis II:IS 1)(.rll (lis-

]~IIl[D~l IJY (IIIX, Kin~ :11111 11~~(1~.,li [1(? 7011). Ill”t’g( ’l” (197~/, 19H()) 11;1:; (lls-

(’11ss[.11 ill IIiIrl iclll:lr lllr }IrtIs(III{fs ~~1 tl(~llrillli;ll 11111 Sill it)l: m(](lrs. KIIIt z

(loll)) Il;ls lf,vi~.w{.,1 III(I rt~l:ll( I Al) SI:ItS ;III(I lli(~ir. l](,:;:;il~lt. ~(]lltlf.(,(i(jll

will] [)111 t) !;[ 11( i v;lt i:ll)lrs, Wt. slII)IIl~l ;11s.) m(.Ilt i(ill llIiIl I’{’r[y ;Ill(l Ilis

~l”oll[) i II ‘l”t)l,jIII{) Jlll(l F1l.N;lnl;lr;l :111(1 (~~1 I:lll[lr;llt)rs III llri~ll:~nl YOIIIIR

[Ill ivf,l.sily ;I1-(. t.llIrIsIll Iy ;ilso Vf’l”y :Itl ivf oll:if,lvill}? tllf~tif~ fitnrh.



The current issues are not only the usual ones about the masses,

dii , and luminosities, but also the age, rotation, element diffusion

to change the surface layer composition, the occurance of convection,

and the presence of r~dial and nonradial pulsation modes. I believe
b
that it is generally agreed now that these sLars are all on or just off

the zero age main sequence for population I, or especially in the case

of SX Phe, population II stars. This puts their masses ranging from

just over one solar mass to three solar masses as for the triple mode

variable AC And with its flmdamental mode period of 0.71 day.

then depends on the mass, but ranges from about half a billion

several billion years.

The carliesl spcrtral classes can ret.ain their rotation

The age

Lo over

because

Lhcre is not LOO much braking by deep envelope convection, and L.his

rotation ~IILcII lw!eps lhesr higher luminosity varaibles WCI1 mixed. This

k(’rps the Imlium in thr sllrlacr Iaycrs anti kei!ps thr pulsaLion rlrivillg

slrong iIIIIl Lhc amp] ”iLldr of plllSilLiOn largr. If thr rotation gets

ruLll[’r slow} Lhcr(h is Lhr possil)i Iil.y L.l]at ov(’f’ LIIC l~rg(’ agr of stars

wiLll mass(~s lrss Lhall ~l)ouL lwo solnr massrs Llll’rr tarl hi} (lowll~iir(l

sclt 1 illg of” Lh(’ IIt”l ium. (;llriollsly, il is Lhrsr S](IW roL;lL[)rs ill tllc

giillll rvgi[lll LIIal most I)ltrll

mll(-h, Ll:f’11 tile 11(’lilm c.ollvrt.t:

mt’l;lls sl]rh ;1s S1 , :IrItl 11[’;lvir”r

111(’ nl;lill S(’(111(’111”(’ (lWilI_l S il:l(l

s I(JW ri)l;ll io[l l[)~it”:ll Iy I)r(’vvll

Cooler 6 Slll[i v;]ri;ll)l(’s

plllsill (”, I [ tlli% II(*1 ilml is flIil~](IL(sd too

011 %011(’ diSilp])(’ilrS 0[111 1(’vit;ll ion

rlcmellt s [’al) ocrllr l.r) Io r-m Arn sta

Ilr I]oitrr fii:lllls, lllis I(J:;s r)! II(I

s I]ulsill ion.

of’ Som(”

s. For

111111 101”

(lily :illl)w!: Il)f’ Infll”(’ 1’:11’(’

‘I’lll* St’ 1 i~lll 1“111’V(’ S;llllllll’fi

11111)1’1 nld i II !+(.1111[.11(”1. .
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Figurr 1. Light rurvcs of two r5 Scuti variables plotted by Bregcr.

Narrow Dand photometry (Crawford 1975) illlows L]IC .minosity to be

ol)tained for thr late A nnrl the F stars. For sorer of our stars, thrir

lurninasi[ics arr known Ircrm a trigonornrtrir parallax or from mrmkrship

in a galactic Cluslrr with a known rlistnncp, tnis luminosity, and Lhf”

r.olc)rj JIIICJWS us LO plol Lhr ohsrrvrd Ilrriod-luminosity-color din~ram of

Figurr 2. IIrrr Ilrt=gcr (IY79) h;]% u’;rd lhr slatifilirul rrlation

M=- 3.(152 log P + 8,456 (h-y) = 3,121 (? 0.31 ma~)
v

obtninrd rt”{hll tllr Homrlimr+14 unrrrtflill prriod~ of his hrfit known

vnrivhlr~. I’hl(.h of thr sra LLrr around Lhr Irwan linr can romr from

Ilr!(.rrlnillty 01 0,2L mi)~llitlldfm Ill H v in thr nilrrow hand pholornrlry.

129

Lhr

Bll L

df.lrrrninr thr mnHsrk rJf

linr of (“[lllslnlll rn(lill~

AlmOht 1 inrri 01 (’ollHtiiIIl
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Variable
h

5X Phe*
CY Aqr”’~
AZ t!ic
AEUtla
RV Ari
BP Prg
AI Vel
v7r)3 Sco
V% Hya

%(d)

TABLE 1
THEORETICAL MASSES, RADII, AND LUHINOSIi’IES

FOR DOUELE-HODE 6 SCUTI VARIABLES

0.05496
.06104
.0654
.08602
.09313
. 10954
.11157
.14996

0.22339

0.778
.744:
.763
.773
.773
.772
.773
.768

0.773

T=(K)

7850
7s30
7500
7500
7500
7500
7620
7000
6980

H#fe

1,1 ~().] ].3*0.1
1,4 ~o.1 1.7 ~ oil

1.4t0.l 1.8* 0.1
1.6 f 0.1 2.2 t 0.3
1.6 f 0.] 2.3 f 0.3
1.8 ~ ().1 3.() ~ ().3
1.8f0.l 2.9 ~0.3
1.9 ~o.~ 3.9 * 0,5
2.2 ~ O.1 4.8 f ().4

Qo(d)

0.0325
.0326
.0327
.0328
.0328
.0328
.0328
.0329

0.0330

* I13L rrosaing assumed
** IsL or third cromsing
T values for SX Phe, CY Agr, AI Vel, and VX lIya from HcNamara and
F:ltz (1978).
For V703 Sco, T i:: from Jones (1975]. For all variables the deep interior
composition i~ !? = 0.01 wiLh Y between .2 and .3 except for 5X Phe with
z= O.CJO1 wiLl 1111~’rior Y l)~tweerl .2 and .3.

1,8M8= 3.58 % 10~3 7600 H 22.4 1,8 = 8.7:1 x ]034 prg/s

‘r < /000 K Ross-Allrr
/000 K ~ T < 150,(-)(UI K Y= 0.2:1

l!i!l,~ao K ~ “f < 10,000,(!00 K Y = (),27
10,000,000 K ~ T Y = 0.50

Z = 0.02 rv~rywhrrr
Oulrr maxfi Mhrll l.f’) x 102~2R
Crn[rtil mnfiH hull 2.FI x 10. R = 0.08 M*
Znnc mnss rnt.io for T > 25,()(1() K = 1.153
0111(’1’ lmilllillX - l%olospuerir ru(lius = ]flJ[~ ~ 1(,1’ ~m

Innrr rndiu~ (J.ol u 10” r
E = ‘.u4i “*

lh~llorn zonr T = lh.4 x 1(I K
Crntrnl hall lllmino~ily ().9H 11,%

mrnll dcn~ity 91 R/cm
Iiydrogrll ioniz;llioll z(IIIf’ f/llp = 0.4
Ilrlillm ioflix;lt ion 2.011(”f./llp = 1.()
No l“IJI-r l.(lnvf’(”i i 011
II = (),11()4
,,() ~- ~, ~)”r,) q{) = 7.3 x 10-:

U] -. ],1 x 1[}:;
11; = ().()(1’); r12 = (,.(1 x 10
111/11(, “ 0.772 (().77:) ol)Hf’l”vf’(1]



Details of a ❑odel for the well known variable AI Vel are given in

Table 2. In order to get the period and period ratio as obsemed, we

have used a ❑ass of 1.8 solar mass. The observed surface effective

temperature of 7620 K needed to be reduced to 7600 K in order to put it

into the instability strip at the luminosity of 22.4 solar luminosities.

We also needed to deplete the outer envelope of a small amount of helium

which, as we w1ll see later, increases the period ratio to that

observed. For this model in Figure 3 the temperature, density, and

opacity are ploLteci versus surface mass fraction as we had for the model

for a Vir in lecture 1.

The internal variations of the radius during the pulsation are

given in Figure 4. For the fundamental ant] the first two overtones we

SCC, as alwsys, that. the motions (sinusoidal in time in our linear

throry) are large at Lhe surface and small in the deep denser layers.

The work per cycle to excite the pulsations is shown in Figure 5

for these three mn(lc~s. These stars show strrmger driving for Lhc higher

ovrrton~s Lhall for the lower ones, and to put them all 011 the same

SCillP, Lhr fundamrnLal mode is multiplied hy 100 tind the first overtone

multiplied hy 10. Nrar Lhr ~urface, t.hrre is driving hy H and llPI

(9,000”-15,000” K]. lkcper wc ser Lhr largest driving du~ to H, He], and

11[’1] (q~,~()@fJi),()~~ K). i\L iIII CVrII (ke])rr Iayrr we grL driving that does

no 1 occur i n olhrr vari,lblr sl:irs, iIUd this is due to Lhe ultimate

ionizi]l ion of 11(?11 (1 ,00 L),OOO-IFKJ, OOO K). Th

fOIIII(l i II Lhr ~] CrI)lIr i Variillll(’S I)Y Stf*l 1 inRwl~rf

Lllis moth’1 ix nol rlImIgh Lo ovr rromo LIIr dr i v

grow in nmlIl:Lll~lfB intfj Ltw 110111 inrnr rcgimr.

K dCPpPSL driving wils

(1978). me (lamp i IIg i n

IIg fiII(l Lhis modr”l wi 1 I
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billion years, while the age of the 1.25 solar ❑ass star would be maybe

3,0 billion years, plenty of time for gravitational settling of helium

from below its convection z~ne if there is no strong mixing.

Another theoretical result of interest has been given by

$ndreasen, Hejlesen, and Petersen (1983). They have made stellar

●vol~tion calculations and hsve determined radial low order pulsation

periods in the adiabatic approximation for models along the tracks.

Figure 7 from these authors pints the fundamental period versus the

effective temperature. Just asmbcfore, an obsened period and effective

temperature can be used on this plot to determine the mass of the

variable. I’fasses from logA=O.15 to 0,40 are used. The observed

pulsation instability strip is indicated on the tracks as dotted

sections. -0.4

-0,6

-0.6

log ~

-1.0

-1.2

-1.4

2TRNDfiRD EVOLUTICJN
.

z= 0.02 ,.,.●“’”’”o:40.m.a
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Let us return to the rather important features mentioned earlier,

the fact that not all sters in the instability strip pulsate and the

fact ‘that many of these variables have very small amplitudes. Figure 8

is the observational H-R diagram with coordinates ~ and (b-y). Less

f>an half, perhaps only one third of the stars in this stage of

evolution seem to vary. Actually if one looks aL ~he the number of

stars in selected amplitude ranges, the number increases dramatically as

one goes to smaller amplitudes. Perhaps many of these stars vary, buL

at undetectable amplitudes. B~kt perhaps, on the other hand, that there

is depleLion of helium an,l Lhr !~lue edge for the low helium !.s rrdder

than expected as discussed by Cox, King, and Tabox (1973).

o
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The theoretical expectation is that if there is ●nough helium in

the pulsating enveiope, all stars should pulsate. This is evidenLly

different than the earlier spectral types, such as all the B stars,

where I feel they pulsate only after a suitable jolt. If that jolt is

●ot repeat.ed oftcm enough, the pulsations of the several radial and

aonradial modes excited decay away. For the 6 Sruci stars, however, if

there is pulsation excitation, the pul~:tion will be excited every

cycle, and the sLar will always be at the limiL cycle where the driving

and damping are equal. 1 sperulale that thr Lru]y nunpulsating 6 Scuti

sLarx have lost BO much hrlium by gravitational settling that Lh~

damping dominaLes aL all amplitudes and Lhe starx do not pulsate.

An indication of Lhr dqletion of helium was given in thr AI Vrl

modr] discussed beforr. In order Lo get its wrl] ob~(.rvtd pf’riod ratio,

wr npederl to redurr tbr hrlium from Y=O.2R to 0.23 i[l thr surf;irr Iiiyers

@xLcrior Lo a trmprralurr of 150,000 K. Al Lhla low helium abundanrr,

Lhr hr 1 i urn convrcl ion zunr cxtrrldfi 0111y to just over 60,000 K,

iIrcounting for ;I onr ~(”dl(” Ilriglll overshooting. 1~” Lhrrr U;lfi mfjr~.

tl(~lillm, lIIIS ronv(’(-lion zonr uould I)(* drrprr, L)vcrshooLirlR IM’Lw(’(’11111(’

f“orrnnl hydroRrn :lnll hvllurn U(’nvl’t”iiorl zorl(”s Cilrl k(’c’p 1111’ rorn]msilioll

Illli f (Jrm I rt)m tll,~ sllrf il(’(~ 1 () t II(I (]tl ,000” K (1(’l)t 1]. I think lhnl for Al

Vrl, 111[’ Iuw hc I i 11111mrnn:; I Ilill i 1.S 1)i ll(s l’(l~t’ i ~ rrddrr 1flilll i 1 Well Id k

i f i I Ilnd Ilol”lllil I II(” I i Ulll. AS il mill I rr of” f“i~(. t , LII(* v:lri;ll~:r is (mxnrt Iy

:11 I II(’ ltl(’(]r(’l i,”;ll hlu(’ rfl~(’ for Y.~().i!Ul. ‘1’hc orrur:lrl(’r 01 t hr twu modrs
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variables except by the period raLio for the few double mode cases, buL

at higher tempcraLures tiev~ral stars jusL to the blue of the instability

strip, u Gem and 8 Leo, do conlirm hrlium deficiency as do ~ome B stars

also. When evolution brings Lhr stars to the red giant rrgion, the

deeply settled helium is once again mixed to Lhr surface by an extensivr

convection zone. Crphrids on Lhe second ~rossing have homogeneous

envrlopes if not enhanc[?d hrlillm hy a Cephrid wind, Cnx, ?!ichirud, and

tlodson (1978).

!lotiit ion run, 01” rourse, krcll lhr ht=liurn mixed. lndrcd thrrr m;ly

he a rrroh]c-rn hrcausr roLiition as low iis 20 km/s probably prvvrnts hrliurn

lrom sinkinfi. I’his would milkr it Ilar[i Lf) fOrm drly &II SLflrs. ! mll~l

]Pavl* Lhis su~)jrc-t 10 IJthcr ]rclurrs in this r(,ursr, hut 1 would likr LU

notr lII;I1 if lhe shorl sritl ing Limr 0! prrh;lps only ;] mi II ion yrilrs (.;lrl

ol-rur with Iiltlr mixing, d p-ha rri~’r wi ] ] iltI srl ul) L{J 1)’”r”vf’rll !Urlht’r

mixirlg hy mt.ritl(~n:ll ~ Ir(.ul;itiorl.
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Finally, let us discuss briefly the nonradial modes. This is

appropriate because the more luminous, hotter stara that we will return

to in the coming lecture~ display an overwhelming number of nonradial

modes. Table 3 lists the situation for the best known cases. Identifi-

b cations of the nonradial modes are duc to Smith (19B2), using line

profiles primarily, to Stohie, Pickup, and Shobbrook (1977) nnd t.o Kurtz

(1980a,b,c,d,c; 19BIa,b) using ❑ethods discussed by Dziemhowski (1977)

and hy ~alnna nnd SLobie (1979a,b). The theoretical mmradial pcrioris

given by FiLch (1981) hnve bcrn disputt=d by Clancy and Cox (19B2). Much

furlher RL@ is neceskary.
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