
PULSATING VARIABLE STARS

REU 1999
Project Participant:  Abigail Hedden
Project Advisor:  Dr. Horace Smith

Introduction

Thi s REU summer  pr oj ect  deal t  mai nl y wi t h anal yzi ng dat a and det er mi ni ng
t he per i ods of  cer t ai n t ypes of  pul sat i ng var i abl e st ar s cal l ed RR Lyr aes and
Cephei ds.   Pul sat i ng var i abl es per i odi cal l y change i n br i ght ness over  a cer t ai n
amount  of  t i me f or  r easons havi ng t o do wi t h t he i nt er nal  st r uct ur e of  t he st ar
i t sel f .   Dr .  Hor ace Smi t h has been st udyi ng such var i abl es i n our  nei ghbor i ng
gal axy,  t he Smal l  Magel l ani c Cl oud,  f or  year s.   Hi s st udi es have concent r at ed on
sur veyi ng t he di f f er ent  t ypes of  var i abl es and det er mi ni ng per i ods f or  many
f ai nt er  ones,  whi ch coul d be used by ot her  st udi es t o bet t er  det er mi ne t he
di st ance t o t he SMC,  and t hus t o mor e di st ant  gal axi es.   Thi s st udy was abl e t o
cont r i but e t he di scover y of  one l ong per i od var i abl e t o hi s sur vey of  a r egi on
of  sky i n t he Nor t heast  ar m of  t he SMC.   I n addi t i on t o r educi ng some of  t he
l ast  dat a f or  Smi t h’ s SMC sur vey,  t hi s pr oj ect  i nvol ved obser vi ng a var i abl e RR
Lyr ae st ar ,  XZ Cygnae,  wi t h a r el at i vel y l ong per i od of  about  57. 3 days i mposed
upon a much shor t er  pr i mar y per i od.   XZ Cygnae exhi bi t s t he Bl azhko ef f ect ,
whi ch i s r esponsi bl e f or  causi ng t hi s l ong per i od var i at i on.   Al t hough t he cause
of  t he Bl azhko ef f ect  i s not  under st ood at  t hi s poi nt ,  a bet t er  det er mi nat i on of
t he cur r ent  Bl azhko per i od coul d hel p t o t est  one of  t he t heor i es.   Suf f i c i ent
dat a has not  been col l ect ed as of  t he end of  t hi s summer  t o ei t her  suppor t  or
cont est  t hi s t heor y,  but  obser vat i ons of  XZ Cygnae wi l l  be cont i nued i nt o t he
f al l ,  so t hat  mor e dat a wi l l  be avai l abl e.

The f i r st  t hr ee sect i ons of  t hi s paper  ar e i nt ended t o ser ve as an
i nt r oduct i on t o some of  t he maj or  pr oper t i es of  pul sat i ng var i abl e st ar s,  such
as t he RR Lyr aes and Cephi eds upon whi ch t hi s pr oj ect  has f ocused.   Thi s
backgr ound i nf or mat i on i ncl udes a br i ef  i nt r oduct i on t o t he di f f er ent  ki nds of
var i abl e st ar s,  t he i mpor t ance of  st udyi ng such st ar s,  t he mechani sm causi ng
t hei r  var i abi l i t y,  met hods of  i nt er pr et i ng t he gr aphs or  l i ght  cur ves used t o
anal yze t hese st ar s,  and ways of  di st i ngui shi ng di f f er ent  ki nds of  var i abl es
f r om one anot her .   The summer  pr oj ect  i t sel f  f ocused ar ound t wo di f f er ent
r esear ch pr oj ect s deal i ng wi t h pul sat i ng var i abl es.   One por t i on of  t he pr oj ect
consi st ed of  col l ect i ng dat a wi t h MSU’ s 24”  t el escope on a st ar  exhi bi t i ng t he
Bl azhko ef f ect .  The ot her  par t  of  t he pr oj ect  i nvol ved dat a anal ysi s f or  a
sur vey of  var i abl e st ar s i n a speci f i c r egi on of  t he Smal l  Magel l ani c Cl oud.
Al t hough t he t wo ar e r at her  unconnect ed,  I  was abl e t o l ear n qui t e a bi t  about
some of  t he i nt er est i ng and uni que pr oper t i es of  di f f er ent  ki nds of  pul sat i ng
var i abl es.

Variable Stars

A var i abl e st ar  i s si mpl y one t hat  var i es i n br i ght ness,  or  absol ut e
magni t ude,  over  a r el at i vel y shor t  per i od of  t i me.   Ther e ar e many di f f er ent
t ypes of  such var i abl es,  r ef l ect i ng t he di f f er ent  mechani sms r esponsi bl e f or
causi ng t he var i at i on i n br i ght ness.   These st ar s ar e usual l y di vi ded i nt o t wo



separ at e gr oups,  ext r i nsi c and i nt r i nsi c var i abl es.   Var i abi l i t y of  st ar s
bel ongi ng t o t he f or mer  gr oup i s due t o t he geomet r y of  t wo st ar s,  cal l ed
ecl i psi ng bi nar i es,  or  t o t he r ot at i on of  t he st ar  i t sel f .   I nt r i nsi c var i abl es,
on t he ot her  hand,  var y i n magni t ude due t o changes t hat  occur  i n t he st r uct ur e
of  t he st ar  i t sel f .   Ther e ar e t wo di f f er ent  gr oups of  i nt r i nsi c var i abl es,  one
whi ch i s composed of  Cat acl ysmi c var i abl es,  such as Nova and Super nova,  t hat
var y i n a sudden and vi ol ent  manner .   The ot her  ki nd i s compr i sed of  t he
Pul sat i ng st ar s,  such as t he RR Lyr ae and Cephei d var i abl es,  i n whi ch a per i odi c
expansi on and cont r act i on of  t he out er  l ayer s of  t he st ar  t akes pl ace.

Det er mi ni ng t he per i ods of  Pul sat i ng var i abl es,  t he subj ect  of  t hi s st udy,
hel ps t o pl ay a key r ol l  i n many di f f er ent  ar eas of  ast r ophysi cs.   For  exampl e,
t hese var i abl es,  especi al l y RR Lyr aes,  ser ve as excel l ent  st andar d candl es due
t o t hei r  smal l  spr ead i n l umi nosi t y,  r el at i ve br i ght ness,  and easy
i dent i f i cat i on.   Thi s al l ows di st ances t o be det er mi ned t o obj ect s such as ot her
nei ghbor i ng gal axi es.   Obser vat i ons of  t hese st ar s pr ovi de a medi um t hr ough
whi ch ef f ect i ve compar i sons of  t he r esul t s of  pul sat i on model s pr edi ct ed by bot h
cur r ent  st el l ar  evol ut i on and st el l ar  pul sat i on t heor y can be made.   I n
addi t i on,  by st udyi ng var i abl es such as t he RR Lyr ae st ar s,  s i nce t hey ar e ver y
ol d and f ai r l y numer ous,  ast r onomer s ar e abl e t o i ncr ease knowl edge of  t he ear l y
hi st or y of  t he Mi l ky Way and i t s near est  nei ghbor s,  t he Local  Gr oup. 1

Mechanism Behind the Pulsations

The Mi l ky Way gal axy cont ai ns sever al  hundr ed bi l l i on st ar s,  a f ew mi l l i on
of  whi ch ar e pul sat i ng var i abl es,  i mpl yi ng t hat  t he pr oper t y of  pul sat i on i s
t r ansi ent . 2  Al t hough al l  st ar s,  i ncl udi ng t he Sun,  do pul sat e t o some ext ent ,
f or  t hose st ar s not  cl assi f i ed as var i abl es,  pul sat i ons ar e damped out .
However ,  c i r cumst ances do somet i mes ar i se under  whi ch ampl i f i cat i on t akes pl ace,
and a Pul sat i ng var i abl e i s obser ved.   I n or der  t o bet t er  compr ehend t he nat ur e
of  t he pul sat i ng var i abl es st udi ed i n t hi s pr oj ect ,  i t  i s i mpor t ant  t o
under st and t he mechani sms of  how and why t hese st ar s become or  cease t o be
var i abl e.    The l i k l i hood of  pul sat i on i s hi ghl y dependent  upon a st ar ’ s mass,
and i s l i mi t ed t o t he por t i on of  a st ar ’ s l i f et i me spent  i n t he " I nst abi l i t y
st r i p"  of  t he Her t zspr ung- Russel l  di agr am.   The H- R di agr am i s const r uct ed by
pl ot t i ng t he t emper at ur e of  st ar s ver sus t hei r  l umi nosi t y,  or  power  out put .   I t
essent i al l y pr ovi des a model  of  a st ar ’ s l i f e,  and many usef ul  pr oper t i es ar e
cor r el at ed wi t h a st ar ’ s l ocat i on al ong t hi s di agr am,  such as l umi nosi t y,
t emper at ur e,  and appr oxi mat e mass and age.   The maj or i t y of  a st ar ’ s l i f et i me i s
spent  al ong t he Mai n Sequence,  as i t  f uses H i nt o He i n i t s cor e.   A st ar ,  as i t
becomes ol der  and has r un out  of  H f uel  i n i t s cor e,  wi l l  evol ve away f r om t he
Mai n Sequence,  and t hi s i s wher e i nt er est i ng pr oper t i es,  such as pul sat i on begi n
t o emer ge.   By f ol l owi ng a st ar ’ s l i kel y pr ogr essi on al ong t he H- R di agr am,  i t
i s possi bl e t o assess t he pr obabi l i t y of  pul sat i on,  dependi ng upon whet her  i t
wi l l  evol ve al ong t he I nst abi l i t y st r i p.   Thi s st r i p descr i bes a per i od i n l at e
st el l ar  evol ut i on,  depi ct ed by t he somewhat  ver t i cal  r egi on of  t he H- R di agr am
t owar d t he r i ght  i n f i gur e 1,  wi t hi n whi ch st ar s wi l l  become var i abl e,  but
out si de of  whi ch pul sat i ons wi l l  be damped.

The r eason pul sat i on t akes pl ace onl y wi t hi n t hi s par t i cul ar  r egi on i s by
no means t r i v i al ,  and i nvol ves some ver y i nt er est i ng physi cs.   A pl ausi bl e model
of  t he mechani sm of  st el l ar  pul sat i on was f i r st  put  f or t h by Eddi ngt on,  who
consi der ed pul sat i ng st ar s as t her modynami c heat  engi nes.   As t he gas l ayer s of
t he st ar  expand and cont r act  t hr oughout  t he pul sat i on cycl e,  t hey do wor k:

net work = heat into gas - heat out of gas3



When t he osci l l at i ons ar e bei ng dr i ven,  i n ot her  wor ds t he pul sat i ons ar e bei ng
ampl i f i ed and we obser ve a var i abl e st ar ,  t he net  wor k i s posi t i ve,  meani ng t hat
heat  must  ent er  at  a hi gh t emper at ur e par t  of  t he cycl e and exi t  dur i ng a l ow
t emper at ur e por t i on.   Thi s begs t he quest i on of  how such a dr i v i ng pr ocess can
t ake pl ace wi t hi n a st ar .   Eddi ngt on was t he f i r st  t o suggest  what  i s cal l ed a
val ve mechani sm,  an i ngeni ous expl anat i on of  t he pul sat i on mechani sm i n accor d
wi t h what  must  occur  t o pr oduce dr i ven osci l l at i ons so t hat  a var i abl e st ar  i s
obser ved.   The val ve mechani sm hi nges upon t he not i on t hat  t he opaci t y of  a
l ayer  of  a st ar  needs t o i ncr ease wi t h compr essi on f or  pul sat i on t o t ake pl ace.
Basi cal l y,  accor di ng t o t hi s model ,  t he l ayer  of  st ar  becomes opaque,  or  does
not  r adi at e as much ener gy as t hose sur r oundi ng i t ,  upon compr essi on cr eat i ng a
" dam" .   Thi s ener gy dam woul d event ual l y f or ce t he l ayer s t o expand and become
t r anspar ent ,  al l owi ng t he t r apped heat  t o escape.   Thi s vent  woul d make i t
possi bl e f or  t he l ayer s t o f al l  back down,  cont i nui ng t he cycl e. 4

Thi s l eads us t o t he r eason why pul sat i on can onl y occur  i n t he
I nst abi l i t y st r i p.   The Eddi ngt on val ve can oper at e successf ul l y i n par t i al
i oni zat i on zones of  a st ar .   These ar e r egi ons wi t hi n whi ch t he gasses ar e
par t i al l y i oni zed,  meani ng t hat  par t  of  t he wor k done t o t he gasses when t hey
ar e compr essed wi l l  go i nt o f ur t her  i oni zat i on of  t he gas,  r at her  t han i nt o a
t emper at ur e i ncr ease.   Thi s ef f ect i vel y put s " i ce cubes"  i nt o t he most
compr essed l ayer s of  t he st ar ,  al l owi ng t he l ayer s t o absor b heat  upon
compr essi on. 5  Si mi l ar l y,  upon expansi on,  t he i ons i n t he gas can r ecombi ne wi t h
el ect r ons r el easi ng ener gy,  and al l owi ng t he l ayer s t o f al l  back down and begi n
a new cycl e.   Thi s pr ocess i s known as t he κ mechani sm of  pul sat i on.   A
secondar y γ mechani sm al so cont r i but es t o st el l ar  pul sat i on.   Dur i ng
compr essi on,  t he t emper at ur e of  t he par t i al  i oni zat i on zone wi l l  i ncr ease l ess
r el at i ve t o t he sur r oundi ng l ayer s,  meani ng t hat  t her e wi l l  be a net  heat  f l ow
i nt o par t i al l y i oni zed r egi on i ncr easi ng ener gy absor pt i on upon compr essi on.
Pul sat i on pr oper t i es of  st ar s ar e hi ghl y dependent  upon t he l ocat i on of  t hese
par t i al l y i oni zed l ayer s.   I f  t he st ar  i s t oo cool ,  meani ng t hat  t hi s r egi on i s
l ocat ed deeper  wi t hi n t he st ar ,  t he onset  of  convect i on cur r ent s wi l l  di sr upt
t he pul sat i on mechani sm,  whi l e a ver y hot  st ar  wi l l  not  pul sat e ei t her .   I n t hi s
case,  t he par t i al  i oni zat i on zone i s l ocat ed hi gh enough i n t he st ar ’ s
at mospher e so t hat  t he densi t y of  He i s t oo l ow t o ser ve as an ef f ect i ve dam f or
t he val ve mechani sm. 6  These t wo boundar i es det er mi ne t he edges of  t he
I nst abi l i t y st r i p wi t hi n whi ch pul sat i on i s possi bl e.   I n r evi ew,  we have now
seen t hat  pul sat i on can t ake pl ace onl y i n cer t ai n por t i ons of  a st ar ’ s
l i f et i me,  i f  i t  evol ves al ong t he I nst abi l i t y st r i p.   Thi s pul sat i on t akes pl ace
mai nl y due t o t wo mechani sms of  var i at i on,  cal l ed κ and γ.

Light Curves and Distinguishing Between Variable Types

A l i ght  cur ve al l ows us t o see how a st ar ' s magni t ude or  br i ght ness
changes over  t i me,  and f or  t hi s r eason,  i t  i s an i mpor t ant  t ool  i n anal yzi ng
var i abl e st ar s.   For  pul sat i ng var i abl es such as t he Cephei ds and RR Lyr aes
exami ned i n t hi s st udy,  t her e i s a char act er i st i c per i od over  whi ch t hi s
var i at i on t akes pl ace.   Thi s per i od al ong wi t h t he shape of  t he l i ght  cur ve
i t sel f  pr ovi de a l ot  of  i nf or mat i on about  what  ki nd of  var i abl e i s bei ng
obser ved and what  mode of  pul sat i on i s t aki ng pl ace.   The most  common pul sat i on
modes,  descr i bi ng bot h RR Lyr ae and Cephei d var i abl es,  ar e t he f undament al  and
f i r st  over t one modes.   Fi gur e 2 i l l ust r at es t he l i ght  cur ves of  t hr ee di f f er ent
t ypes of  RR Lyr ae var i abl es.   The f undament al  l i ght  cur ves,  such as t hose of
t ype RRab,  have a char act er i st i cal l y st eep r i s i ng sl ope and a l onger  decl i ne,
whi l e t he over al l  change i n magni t ude i s gener al l y mor e dr amat i c and occur s over



a l onger  per i od of  t i me compar ed t o f i r st  over t one pul sat or s.   The l i ght  cur ves
of  t hese var i abl es,  i ncl udi ng RRc pul sat or s,  have a much mor e symmet r i c
appear ance wi t h a l ess pr onounced over al l  magni t ude di f f er ence.   Typi cal l y,  t he
l engt h of  a f i r st  over t one pul sat i on cycl e wi l l  be appr oxi mat el y t hr ee- quar t er s
of  t he f undament al  mode.   Thus,  l i ght  cur ves i l l ust r at i ng t hese t wo modes ar e
easi l y di st i ngui shed f r om one anot her ,  maki ng t hese gr aphs ver y i mpor t ant  i n
anal yzi ng var i abl e st ar s.

The concept s of  di f f er ent  pul sat i onal  modes and var i ous t ypes of  var i abl e
st ar s ar e t wo separ at e i deas.   One mi ght  say t hat  a st ar  of  a cer t ai n t ype
pul sat es i n a par t i cul ar  mode,  but  t hi s st i l l  l eaves t he t r i cky concept  of  mode
undef i ned.   A l i ght  cur ve wi l l  del i neat e pul sat i on of  a cer t ai n mode,  and so t o
bet t er  under st and t he i nf or mat i on t hat  can be gl eaned f r om t hese gr aphs,  modes
must  be expl ai ned.   The di f f er ent  modes i nvol ved i n st el l ar  pul sat i on can be
t hought  of  essent i al l y as st andi ng waves.   The st andi ng wave f or  each mode has a
node at  one end,  l ocat ed at  t he st ar ’ s cent er ,  at  whi ch gasses ar e st at i onar y.
For  f undament al  pul sat or s,  t he gasses move i n t he same di r ect i on r adi al l y
out war d f r om t he cent er  node at  ever y poi nt  i n t he st ar ,  as i l l ust r at ed i n
f i gur e 3.   Thi s mode of  pul sat i on i s anal ogous t o t he si ngl e st andi ng wave on a
st r i ng i n t he f i gur e.   Fi r st  over t one var i abl es,  i n addi t i on t o havi ng a cent er
node l i ke f undament al  pul sat or s,  possess a second node,  f r om whi ch gasses move
i n opposi t e di r ect i ons,  bet ween t he st ar ’ s cent er  and i t s sur f ace. 7  Thi s i s
mor e si mi l ar  t o t he si nusoi dal  st andi ng wave shown i n f i gur e 3.   Wi t h t hi s i n
mi nd,  t he char act er i st i c di f f er ences,  such as symmet r y,  per i od l engt h,  and
over al l  magni t ude di f f er ence,  bet ween t he t wo t ypes of  l i ght  cur ves t ypi cal  of
pul sat i ng var i abl es become a bi t  mor e i nt ui t i ve.

RR Lyr ae and Cephei d st ar s,  t he cl asses of  var i abl es ar ound whi ch t hi s
pr oj ect  was f ocused,  can bot h pul sat e i n ei t her  of  t hese modes,  and somet i mes
wi l l  oper at e i n a bl end of  t he t wo.   I t  i s i mpor t ant  t o be abl e t o di st i ngui sh
bet ween l i ght  cur ves of  t he t wo t ypes of  var i abl es pul sat i ng i n t he same mode,
and t her e ar e some key i dent i f y i ng char act er i st i cs.   Gener al l y,  RR Lyr aes t end
t o be much ol der  t han cl assi cal  Cephei ds and ar e f ound di st r i but ed t hr oughout
t he hal o of  t he gal axy i n gl obul ar  cl ust er s.   Al t hough t hey ar e cl oser ,  f ai nt er ,
l ess massi ve,  and mor e met al  poor  t han t he younger  Cephei ds,  bot h t ypes of
var i abl es shar e t he same mechani sm of  var i at i on descr i bed pr evi ousl y. 8  RR Lyr ae
l i ght  cur ves t ypi cal l y have per i ods shor t er  t han one day,  al t hough such shor t
per i ods f or  Cephei ds have been det er mi ned.   The per i od of  pul sat i on f or
var i abl es such as Cephei ds and RR Lyr aes i s r el at ed t o t hei r  densi t i es.   Longer
per i ods ar e gener al l y cor r el at ed wi t h mor e massi ve st ar s,  and hi gh mass i s
associ at ed wi t h gr eat er  l umi nosi t y.   Thi s expl ai ns some key l i ght  cur ve
di f f er ences bet ween t he t wo t ypes of  var i abl es,  such as t he r eason t hat  Cephei ds
t end t o be br i ght er  and have l onger  per i ods t han t he l ess massi ve RR Lyr aes.

A per i od- l umi nosi t y r el at i onshi p,  such as t he one expr essed i n f i gur e 4
f or  t he Smal l  Magel l ani c Cl oud gal axy,  i s most  ef f ect i ve f or  di st i ngui shi ng
bet ween t he t ypes of  var i abl es.   Thi s gr aph,  whi ch wi l l  be di scussed f ur t her
l at er ,  i s i mpor t ant  i n i l l ust r at i ng t he di f f er ence bet ween t he f ai nt er  shor t -
per i od RR Lyr aes,  l ocat ed i n gr een i n t he bot t om l ef t  cor ner ,  and t he Cephei ds,
occupyi ng t he t wo bands ascendi ng t owar d t he r i ght .  As wel l  as showi ng var i abl es
l ocat ed wi t hi n t he SMC,  t hi s gr aph i ncl udes f or egr ound RR Lyr aes,  pi ct ur ed i n
l i ght  bl ue,  t hat  appear  i n a ver t i cal  st r i p wi t h per i ods l ess t han about  hal f  a
day.   I t  i s i nt er est i ng t o not e t hat  smal l er  magni t ude,  or  i ncr eased br i ght ness,
appear s t o be cor r el at ed wi t h l onger  per i ods.   The gr aph al so i ndi cat es t hat
over t one Cephei d pul sat or s t end t o be mor e l umi nous t han f undament al s of  t he
same per i od.   These t r ends al so mani f est  t hemsel ves i n t he l i ght  cur ves of  t hese
di f f er ent  var i abl es,  and pr ovi de good cl ues t o pr oper  var i abl e cl assi f i cat i on.



The Blazhko Effect

Some RR Lyr ae st ar s have l i ght  cur ves t hat  var y si gni f i cant l y over  a
r el at i vel y shor t  t i mescal e,  usual l y on t he or der  of  t ens of  days,  whi ch may
somet i mes be t he ef f ect  of  a second per i odi ci t y.   Such st ar s ar e ei t her  RRd t ype
var i abl es,  whi ch pul sat e i n a mi x of  t he f undament al  and f i r st  over t one modes,
or  t hese st ar s exhi bi t  t he Bl azhko ef f ect . 9  The or i gi n of  t he second
per i odi ci t y descr i bed by Bl azhko st ar s i s not  wel l  under st ood cur r ent l y,
al t hough i t  has been suggest ed t hat  i t  may be due t o some mi xi ng of  pul sat i on
modes or  coul d be t he r esul t  of  st el l ar  magnet i c f i el ds. 10

One l ar ge component  of  t he pr oj ect  t hi s summer  was obser vi ng t he st ar  XZ
Cygnae,  a known RR Lyr ae wi t h a r el at i vel y wel l - st udi ed Bl azhko cycl e,  usi ng t he
24"  t el escope at  t he MSU obser vat or y.   I mages of  t he st ar  wer e t aken wi t h t he
CCD camer a at  t he obser vat or y and pr ocessed usi ng I RAF t asks.   By obser vi ng t he
changes i n XZ Cygnae’ s magni t ude over  t he cour se of  t he summer ,  i t  was possi bl e
t o const r uct  a ser i es of  l i ght  cur ves t o descr i be t he dat a.   Fi gur e 5 shows al l
of  t he dat a col l ect ed f or  t hi s st udy so f ar ,  and i t  i s easy t o see t he var yi ng
l i ght  cur ves super i mposed upon one anot her .   Basi cal l y,  a t er m cor r espondi ng t o
magni t ude i s pl ot t ed ver sus t he phase,  whi ch i s t he f ol di ng of  al l  obser vat i ons
i nt o one assumed per i od.   The pr i mar y per i od of  var i at i on f or  XZ Cygnae i s known
wi t h r easonabl e accur acy,  and t hi s was used t o det er mi ne t he phase.   I f  XZ
Cygnae var i ed sol el y wi t h t hi s per i od,  one woul d expect  t o see t he same l i ght
cur ve t r aced r epeat edl y by t he obser vat i onal  dat a.   However ,  t he Bl azhko per i od
of  t he st ar  adds a second per i od,  not  t aken i nt o account  i n t he phase
cal cul at i on,  and t hus we obser ve a pr onounced var i at i on i n t he l i ght  cur ves over
t i me.

Thi s st udy of  XZ Cygnae’ s Bl azhko per i od i s i mpor t ant  i n sever al  di f f er ent
ways.   Fi r st  of  al l ,  t hese obser vat i ons,  al ong wi t h t hose t hat  wi l l  be t aken as
t hi s st udy i s cont i nued i nt o t he f al l ,  wi l l  hel p t o bet t er  det er mi ne t he Bl azhko
per i od of  XZ Cygnae,  whi ch i s cur r ent l y about  57. 3 days. 11  I n addi t i on,
pr evi ous obser vat i ons i ndi cat e t hat  f l uct uat i ons i n pr i mar y per i od have been
associ at ed wi t h changes i n t he Bl azhko cycl e.   We have yet  t o obser ve t hi s t r end
i n our  obser vat i ons f or  cer t ai n,  al t hough we have been obser vi ng f or  onl y
sl i ght l y l onger  t han one Bl azhko per i od.   Never t hel ess,  our  most  r ecent  dat a may
i ndi cat e t hat  such a shi f t  i n t he pr i mar y per i od i s occur r i ng.   Pl ease not e t he
ser i es of  poi nt s al ong t he decendi ng por t i on of  t he l i ght  cur ve t owar d t he r i ght
whi ch appear  t o be separ at e f r om pr evi ous obser vat i ons i n f i gur e 5.   Mor e dat a
i s necessar y t o r eal l y assess t hi s possi bl e per i od shi f t .   I t  has been suggest ed
t hat  t he Bl azhko per i od i s t he same as t he r ot at i on per i od of  t he var i abl e st ar .
I f  t hi s i s t r ue,  t hen one woul d expect  t he Bl azhko per i od t o r emai n r el at i vel y
const ant  over  t i me,  si nce f l uct uat i on woul d be cor r el at ed wi t h a si gni f i cant
change i n t he st ar ’ s angul ar  moment um. 12  I n det er mi ni ng a bet t er  Bl azhko
per i od,  one of  t he goal s of  t hi s st udy i s t o compar e i t  wi t h pr evi ous
measur ement s and assess t he pr obabi l i t y t hat  t hi s t heor y i s cor r ect .

Survey of Variables in the SMC

I n 1992,  Dr .  Hor ace Smi t h,  t he advi sor  f or  t hi s pr oj ect ,  publ i shed t he
r esul t s of  a sur vey i nvest i gat i on of  var i abl e st ar s i n a r egi on of  appr oxi mat el y
one degr ee squar e i n t he Nor t heast  Ar m of  t he Smal l  Magel l ani c Cl oud,  or  SMC.
The SMC i s one of  t wo smal l ,  i r r egul ar  sat el l i t e gal axi es of  our  Mi l ky Way.



Al t hough si mi l ar  var i abl e sur veys of  t he SMC have been car r i ed out  i n t he past ,
i t  seems t hat  many of  t hese st udi es have negl ect ed t he f ai nt er  var i abl es,  mor e
speci f i cal l y,  t hose di mmer  t han 17. 5 magni t udes. 13  The mai n consequence of  t hi s
omi ssi on,  accor di ng t o Smi t h,  i s t hat  i t  has skewed t he per i od- f r equency
di st r i but i on f or  SMC Cephei ds t o shor t er  per i ods.   The per i od- f r equency
r el at i on,  such as t he one f or  t he SMC shown i n f i gur e 6,  i ssi mpl y a pl ot  of  t he
number  of  var i abl es known possessi ng cer t ai n per i ods.   I n f i gur e 4 i t  was
not i ced t hat  t her e i s a cor r el at i on bet ween f ai nt er  var i abl es,  or  t hose
possessi ng a gr eat er  magni t ude,  and shor t  per i od l engt h.   Si nce most  pr evi ous
st udi es of  SMC var i abl es have not  sear ched f or  t hese f ai nt  st ar s,  t he number  of
known var i abl es of  cor r espondi ngl y shor t  per i ods has been par t i al l y def i ned by
t he l i mi t i ng magni t ude of  t he var i abl e st ar  sear ches. 14

Smi t h has cont i nued t hi s sur vey of  SMC var i abl es,  t aki ng mor e phot omet r i c
i mages of  appr oxi mat el y t he same r egi on of  sky anal yzed i n t he 1992 paper  dur i ng
obser vi ng r uns i n 1992- 1994 wi t h t he Cur t i s Schmi dt  t el escope at  CTI O i n Chi l e.
The pr i mar y pur pose i n t he cont i nuat i on of  t hi s pr oj ect  i s t o sear ch f or  new
var i abl e st ar s and det er mi ne t hei r  per i ods.   One goal  i s t o i ncr ease t he number
of  known f ai nt ,  shor t  per i od var i abl es.   As ment i oned pr evi ousl y,  var i abl e st ar s
can be used as st andar d candl es i n det er mi ni ng ext r agal act i c di st ances because
of  a r el at i onshi p bet ween l umi nosi t y and di st ance.   Thus,  t he di scover y of
f ai nt er  var i abl es coul d change t he cal cul at ed di st ance.   So,  t hese new var i abl es
coul d be used by ot her  st udi es t o det er mi ne t he di st ance t o t he SMC,  and t hus t o
ot her  di st ant  gal axi es,  mor e accur at el y.

The r egi on of  sky i n whi ch t he sear ch was conduct ed was di vi ded i nt o f our
sl i ght l y over l appi ng f i el ds,  each cover i ng a si ngl e CCD i mage.   Ever y f i el d was
phot ogr aphed i n t wo di f f er ent  f i l t er s,  or  wavel engt hs,  t he Bl ue ( B) ,  cent er ed at
4400 Å,  and t he Vi sual  ( V) ,  whi ch i s yel l ow- gr een cent er ed at  5500 Å.   I mage
pr ocessi ng,  phot omet r y,  and i dent i f i cat i on of  possi bl e var i abl es wer e per f or med
wi t h I RAF t asks.   The ot her  mai n por t i on of  t hi s summer  pr oj ect  consi st ed of
f i ni shi ng an anal ysi s of  t he dat a t aken f or  f i el d 4,  l ocat ed i n t he Sout hwest  of
t he r egi on,  si nce st udi es of  t he ot her  f i el ds had been compl et ed over  t he cour se
t he past  sever al  year s.   Thi s pr oj ect  at t empt ed t o di scover  var i abl es appear i ng
i n ei t her  t he B or  t he V f i l t er  i n f i el d 4.   Most  var i abl es wi l l  appear  i n bot h
f i l t er s of  t he same f i el d,  al t hough speci al  c i r cumst ances can ar i se f or  whi ch we
obser ve t he var i abl e i n one f i el d and not  i n t he ot her .   For  exampl e,  i f  a f ai nt
var i abl e has a r ed gi ant  nei ghbor ,  most  of  t he l i ght  i t  emi t s i n t he V
wavel engt h r ange wi l l  be ef f ect i vel y swamped by t he ot her  st ar .   However ,  t hi s
var i abl e may ver y wel l  appear  i n t he B f i l t er  because t he r ed nei ghbor  woul d not
be emi t t i ng as much l i ght  i n t hi s r egi on of  t he spect r um. 15  Thus,  i t  i s ver y
i mpor t ant  t o t ake t hi s possi bi l i t y i nt o account  when sear chi ng f or  var i abl e
st ar s.

Ther e ar e,  on t he ot her  hand,  many ot her  f act or s,  usual l y havi ng t o do
wi t h t he i nst r ument at i on i t sel f ,  t hat  can make a st ar  seem var i abl e.   For  t hi s
r eason,  one usual l y f i nds a l ot  of  " j unk"  or  " noi se"  when anal yzi ng dat a f r om
possi bl e var i abl es appear i ng onl y i n one f i l t er .   I t  i s cr uci al  t o be abl e t o
exami ne t he i mage i t sel f  t o see i f  t her e ar e r easons why one mi ght  expect  j unk.
For  i nst ance,  i f  t he var i abl e i s l ocat ed ver y near  t he edge of  t he i mage,  t her e
coul d j ust  be pr obl ems wi t h t he edge of  t he CCD chi p.   I f  t he pi ct ur e appear s t o
be bl ur r ed,  one coul d r eal l y be l ooki ng at  a bl end of  st ar s t hat  t he camer a was
not  sensi t i ve enough t o di st i ngui sh,  r at her  t han a t r ue var i abl e.   Af t er
exami ni ng t he i mages f or  possi bl e var i abl es,  we at t empt ed t o f i t  l i ght  cur ves t o
t he dat a ext r act ed f r om t hem usi ng t he I RAF t ask pdm,  Phase Di sper si on
Mi ni mi zat i on.   Basi cal l y,  t hi s pr ogr am t akes a set  of  obser vat i ons,  whi ch i s
si mpl y a l i st  of  magni t udes of  t he possi bl e var i abl e and t he t i mes of



obser vat i on,  and t r i es t o mi ni mi ze t he var i ance of  t he dat a wi t h r espect  t o t he
mean l i ght  cur ve.   I n ot her  wor ds,  t he goal  i s t o have t he l east  scat t er  of  dat a
poi nt s ar ound t he l i ght  cur ve det er mi ned by t he pr ogr am. 16

The l i ght  cur ves of  t he di f f er ent  var i abl e st ar s shown i n f i gur e 7 wer e
al l  const r uct ed wi t h t he ai d of  t he pdm pr ogr am.   Each var i abl e pi ct ur ed has a
l i ght  cur ve i n bot h of  t he f i l t er s,  B and V,  and t hey wer e i dent i f i ed i n f i el d
4.   SMC 13677 i n t hi s st udy,  i dent i f i ed as HV 1793 i n t he Har var d var i abl e
sur veys,  i s a pr i me exampl e of  a f undament al  mode pul sat or .   The st eep i ncr ease
i n magni t ude i s f ol l owed by a mor e gr adual  decl i ne,  and t he over al l  change i n
br i ght ness i s appr oxi mat el y one or der  of  magni t ude.   Compar i ng t hi s wi t h t he
l i ght  cur ves f or  SMC 17856,  a f i r st  over t one var i abl e,  one obser ves how
r el at i vel y symmet r i c t hese cur ves ar e.   The over al l  change i n magni t ude i s now
about  0. 6,  as opposed t o 1,  and t he per i od of  var i at i on i s al most  3. 5 t i mes
shor t er  t han f or  t he f undament al  pul sat or .   A gl ance at  t he per i od l umi nosi t y
r el at i onshi p f or  t he SMC i n f i gur e 2 qui ckl y r eveal s t hat  bot h var i abl es ar e
Cephei ds,  l y i ng al ong t he t wo di vi ded bands of  over t ones and f undament al
pul sat or s.

Fi gur e 4 was act ual l y const r uct ed f r om t he r esul t s of  Dr .  Smi t h’ s var i abl e
sur vey of  t he Nor t heast  ar m of  t he SMC,  and cont ai ns al most  al l  of  t he var i abl es
f ound i n each of  t he f our  f i el ds of  t he st udy.   As we saw ear l i er ,  i t  c l ear l y
del i neat es t he di f f er ences bet ween t he most  common pul sat i ng var i abl es i n t he
SMC,  t he RR Lyr aes,  i n gr een,  and t he Cephei ds,  dar k r ed and bl ue.  I n addi t i on,
t hi s gr aph pr ovi des di r ect  evi dence t hat  t her e ar e f ai nt  var i abl es ( gr eat er  t han
17. 5 magni t udes)  wi t h cor r espondi ngl y shor t  per i ods i n t he SMC.   These must  be
t aken i nt o account  so t hat  per i od- f r equency r el at i onshi ps,  such as t he one
pi ct ur ed i n f i gur e 6,  ar e not  skewed by l i mi t i ng sear ch magni t udes.   Thi s per i od
l umi nosi t y r el at i onshi p of  pul sat i ng var i abl es i n t he SMC pr ovi des a ver y
i nt er est i ng and usef ul  i l l ust r at i on of  t he r esul t s yi el ded by Smi t h’ s sur vey.

Ther e ar e ot her  ki nds of  var i abl e st ar s di scover ed by t hi s sur vey of  t he
SMC t hat  do not  appear  i n t he per i od l umi nosi t y r el at i on i n f i gur e 4.   For
exampl e,  t her e wer e a f ew ext r i nsi c Ecl i psi ng var i abl es f ound,  i l l ust r at ed by
t he l i ght  cur ve i n f i gur e 8,  t hat  ar e char act er i zed by r el at i vel y smoot h l i ght
cur ves i nt er r upt ed per i odi cal l y by a t el l t al e sudden decr ease i n br i ght ness.
Thi s st udy was not  abl e t o f i t  l i ght  cur ves t o al l  var i abl es di scover ed,  si nce
i t  was r eal l y desi gned t o wor k wi t h var i abl es havi ng per i ods wi t hi n a r ange of
~0. 4 t o j ust  l ess t han 10 days.   However ,  l onger  per i od var i abl es ( gr eat er  t han
10 days)  have been di scover ed and al t hough exact  per i ods cannot  be det er mi ned i n
t hi s st udy,  i t  i s i mpor t ant  t o i ncl ude t hese as par t  of  t he SMC sur vey.   The
best  f i t t i ng pdm l i ght  cur ves f or  such l ong per i od var i abl es,  such as t he one
f or  SMC 13760 i n f i gur e 9,  t ypi cal l y have per i ods ver y cl ose t o one day and a
cl umped di st r i but i on of  dat a poi nt s. 17  Thi s “ cl umpi ness”  comes f r om t he f act
t hat  t he magni t ude change over  any one par t i cul ar  ni ght  of  obser vi ng i s
r el at i vel y smal l ,  and we onl y begi n t o obser ve t he st ar ’ s var i abl e nat ur e over
many ni ght s of  obser vi ng.   Thus,  cl umpy dat a i s a good i ndi cat i on of  a l ong
per i od var i abl e.

The var i abl e i n f i gur e 9 was f ound over  t he cour se of  t hi s summer  pr oj ect ,
and appear ed onl y i n t he V f i l t er  i n f i el d 4.   The cl ust er s of  dat a poi nt s ar e
ver y appar ent ,  and t he per i od of  0. 9982 days i s a good i ndi cat i on t hat  t hi s i s a
l ong per i od var i abl e st ar .   The ot her  possi bl e var i abl e t hat  was f ound over  t he
cour se of  t hi s summer  pr oj ect  i s al so pi ct ur ed i n f i gur e 9.   SMC 18984 seems t o
exhi bi t  some per i odi c var i at i on i n t he B f i l t er  dat a,  but  no such per i od can be
det er mi ned f r om i t s cor r espondi ng V dat a.   The f i el d 4 i mage shows no r ed gi ant
nei ghbor  capabl e of  swampi ng i t s i mage i n t he V f i l t er ,  nor  i s t hi s st ar  l ocat ed



cl ose enough t o t he edge of  t he V f r ame t o bl ame bad pi xel s on t he edge of  t he
CCD chi p.   I f  we exami ne t he per i od l umi nosi t y r el at i onshi p i n f i gur e 4,  we see
t hat  gi ven t hi s st ar ’ s per i od and magni t ude,  i t  does not  r eal l y f i t  i n,  t hat  i s
i t  does not  l i e al ong ei t her  of  t he Cephei d bands.   Fr om t hi s i nf or mat i on,  i t  i s
pr obabl y saf er  t o concl ude t hat  t hi s i s not  a r eal  var i abl e,  despi t e i t s
per i odi c nat ur e i n t he B f i l t er .   Thus,  essent i al l y one l ong per i od var i abl e was
di scover ed i n t hi s summer  pr oj ect  and added t o t he sur vey’ s mast er  l i st  of
var i abl es i n t he SMC.
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f i gur e 8.   Li ght  Cur ve of  SBG 55,  a pr i me exampl e of  an Ext r i nsi c ecl i pser

f i gur e 9.   Resul t s of  SMC dat a anal ysi s t hi s summer .   Above i s a l i ght  cur ve of
SMC 13760,  a l ong per i od var i abl e.   Bel ow i s t he l i ght  cur ve of  SMC 18984,  whi ch
seems per i odi c i n B but  i s pr obabl y not  a r eal  var i abl e.




