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| nt roducti on

This REU summer project dealt mainly with anal yzing data and determ ni ng
the periods of certain types of pulsating variable stars called RR Lyraes and
Cepheids. Pulsating variables periodically change in brightness over a certain
anmount of tine for reasons having to do with the internal structure of the star
itself. Dr. Horace Smith has been studying such variables in our neighboring
gal axy, the Small Magellanic Coud, for years. H's studies have concentrated on
surveying the different types of variables and determ ning periods for many
fainter ones, which could be used by other studies to better determ ne the
di stance to the SMC, and thus to nore distant gal axies. This study was able to
contribute the discovery of one long period variable to his survey of a region
of sky in the Northeast armof the SMC. |In addition to reducing sone of the
| ast data for Smith’'s SMC survey, this project involved observing a variable RR
Lyrae star, XZ Cygnae, with a relatively |long period of about 57.3 days inposed
upon a nuch shorter primary period. XZ Cygnae exhibits the Bl azhko effect,
which is responsible for causing this long period variation. Al though the cause
of the Blazhko effect is not understood at this point, a better determ nation of
the current Bl azhko period could help to test one of the theories. Sufficient
data has not been collected as of the end of this sumer to either support or
contest this theory, but observations of XZ Cygnae will be continued into the
fall, so that nore data will be avail able.

The first three sections of this paper are intended to serve as an
i ntroduction to sone of the major properties of pulsating variable stars, such
as the RR Lyraes and Cephi eds upon which this project has focused. This
background i nformation includes a brief introduction to the different Kkinds of
variabl e stars, the inportance of studying such stars, the mechani sm causi ng
their variability, nmethods of interpreting the graphs or light curves used to
anal yze these stars, and ways of distinguishing different kinds of variables
fromone another. The sumrer project itself focused around two different
research projects dealing with pulsating variables. One portion of the project
consi sted of collecting data with MSU s 24" tel escope on a star exhibiting the
Bl azhko effect. The other part of the project involved data analysis for a
survey of variable stars in a specific region of the Small Mgellanic C oud.
Al t hough the two are rather unconnected, | was able to learn quite a bit about
sone of the interesting and uni que properties of different kinds of pulsating
vari abl es.

Vari able Stars

A variable star is sinply one that varies in brightness, or absolute
magni t ude, over a relatively short period of tine. There are many different
types of such variables, reflecting the different nechani sns responsible for
causing the variation in brightness. These stars are usually divided into two



separate groups, extrinsic and intrinsic variables. Variability of stars

bel onging to the former group is due to the geonetry of two stars, called
eclipsing binaries, or to the rotation of the star itself. Intrinsic variables,
on the other hand, vary in magnitude due to changes that occur in the structure
of the star itself. There are two different groups of intrinsic variables, one
whi ch i s conposed of Cataclysnic variables, such as Nova and Supernova, t hat
vary in a sudden and violent manner. The other kind is conprised of the

Pul sating stars, such as the RR Lyrae and Cepheid variables, in which a periodic
expansi on and contraction of the outer |layers of the star takes place.

Determ ning the periods of Pulsating variables, the subject of this study,
helps to play a key roll in many different areas of astrophysics. For exanple,
these variabl es, especially RR Lyraes, serve as excellent standard candl es due
to their small spread in lumnosity, relative brightness, and easy
identification. This allows distances to be determ ned to objects such as other
nei ghboring gal axi es. (Cbservations of these stars provide a nmedi umthrough
whi ch effective conparisons of the results of pul sation nodels predicted by both
current stellar evolution and stellar pulsation theory can be nade. In
addition, by studying variables such as the RR Lyrae stars, since they are very
old and fairly nunmerous, astrononers are able to increase know edge of the early
history of the MIky Way and its nearest neighbors, the Local Goup.?

Mechani sm Behi nd t he Pul sati ons

The M| ky Way gal axy contains several hundred billion stars, a fewm|llion
of which are pulsating variables, inplying that the property of pulsation is
transient.? Although all stars, including the Sun, do pul sate to some extent,
for those stars not classified as variables, pulsations are danped out.

However, circunstances do sonetines arise under which anplification takes place,
and a Pulsating variable is observed. 1In order to better conprehend the nature
of the pulsating variables studied in this project, it is inportant to

under stand the nechani sns of how and why these stars becone or cease to be

vari abl e. The I'iklihood of pulsation is highly dependent upon a star’s nass,
and is limted to the portion of a star’s lifetinme spent in the "Instability
strip” of the Hertzsprung-Russell diagram The H R diagramis constructed by
plotting the tenperature of stars versus their lumnosity, or power output. It
essentially provides a nodel of a star’s life, and many useful properties are
correlated with a star’s |ocation along this diagram such as |um nosity,
tenperature, and approxi mate mass and age. The najority of a star’s lifetime is
spent along the Main Sequence, as it fuses Hinto He in its core. A star, as it
becones ol der and has run out of Hfuel inits core, will evolve away fromthe
Mai n Sequence, and this is where interesting properties, such as pul sation begin
to emerge. By following a star’s likely progression along the HR diagram it
is possible to assess the probability of pul sation, dependi ng upon whether it
will evolve along the Instability strip. This strip describes a period in late
stellar evolution, depicted by the sonewhat vertical region of the H R diagram
toward the right in figure 1, within which stars will becone variable, but
out si de of which pulsations will be danped

The reason pul sation takes place only within this particular region is by
no nmeans trivial, and involves sone very interesting physics. A plausible node
of the mechani smof stellar pulsation was first put forth by Eddi ngton, who
consi dered pul sating stars as thernodynam c heat engines. As the gas |ayers of
the star expand and contract throughout the pul sation cycle, they do work:

net work = heat into gas - heat out of gas®



VWhen the oscillations are being driven, in other words the pul sations are being
anplified and we observe a variable star, the net work is positive, neaning that
heat nmust enter at a high tenperature part of the cycle and exit during a | ow
tenperature portion. This begs the question of how such a driving process can
take place within a star. Eddington was the first to suggest what is called a
val ve mechani sm an ingeni ous expl anati on of the pul sati on nmechanismin accord
with what nust occur to produce driven oscillations so that a variable star is
observed. The val ve nmechani sm hi nges upon the notion that the opacity of a

| ayer of a star needs to increase with conpression for pulsation to take place.
Basically, according to this nodel, the |ayer of star becomes opaque, or does
not radi ate as nuch energy as those surrounding it, upon conpression creating a
"dam'. This energy damwould eventually force the | ayers to expand and becone
transparent, allowi ng the trapped heat to escape. This vent woul d nmake it
possible for the layers to fall back down, continuing the cycle.*

This leads us to the reason why pul sation can only occur in the
Instability strip. The Eddington val ve can operate successfully in partial
i oni zation zones of a star. These are regions within which the gasses are
partially ionized, neaning that part of the work done to the gasses when they
are conpressed will go into further ionization of the gas, rather than into a
tenperature increase. This effectively puts "ice cubes" into the nost
conpressed |l ayers of the star, allowing the |layers to absorb heat upon
conpression.® Sinmilarly, upon expansion, the ions in the gas can reconbine with
el ectrons releasing energy, and allowing the layers to fall back down and begin
a new cycle. This process is known as the Kk nechani smof pulsation. A

secondary y nmechani smal so contributes to stellar pulsation. During
conpression, the tenperature of the partial ionization zone will increase |ess
relative to the surrounding layers, neaning that there will be a net heat flow
into partially ionized region increasing energy absorption upon conpression

Pul sation properties of stars are highly dependent upon the | ocation of these

partially ionized layers. |If the star is too cool, neaning that this region is
| ocat ed deeper within the star, the onset of convection currents will disrupt
t he pul sation nechanism while a very hot star will not pulsate either. In this

case, the partial ionization zone is |ocated high enough in the star’s

at nosphere so that the density of He is too low to serve as an effective damfor
the val ve mechanism® These two boundaries deternine the edges of the
Instability strip within which pulsation is possible. In review, we have now
seen that pulsation can take place only in certain portions of a star’s
lifetime, if it evolves along the Instability strip. This pulsation takes place

mai nly due to two nmechani snms of variation, called k and v.

Li ght Curves and Di stingui shing Between Variabl e Types

A light curve allows us to see how a star's magni tude or brightness
changes over tinme, and for this reason, it is an inportant tool in analyzing
variable stars. For pulsating variables such as the Cepheids and RR Lyraes
exanmined in this study, there is a characteristic period over which this
variation takes place. This period along with the shape of the |ight curve
itself provide a lot of information about what kind of variable is being
observed and what node of pulsation is taking place. The nost comon pul sation
nodes, describing both RR Lyrae and Cepheid variables, are the fundanental and
first overtone nodes. Figure 2 illustrates the light curves of three different
types of RR Lyrae variables. The fundanental |ight curves, such as those of
type RRab, have a characteristically steep rising slope and a | onger decline,
while the overall change in nmagnitude is generally nore dramatic and occurs over



a longer period of time conpared to first overtone pul sators. The lIight curves
of these variables, including RRc pul sators, have a much nore symetric
appearance with a | ess pronounced overall nagnitude difference. Typically, the
length of a first overtone pulsation cycle will be approximately three-quarters
of the fundanmental node. Thus, light curves illustrating these two nodes are
easi |y distinguished fromone anot her, making these graphs very inportant in
anal yzi ng vari abl e stars.

The concepts of different pul sational nodes and various types of variable
stars are two separate ideas. One night say that a star of a certain type
pul sates in a particular node, but this still |eaves the tricky concept of node
undefined. A light curve will delineate pul sation of a certain node, and so to
better understand the information that can be gl eaned fromthese graphs, nodes
must be explained. The different nodes involved in stellar pulsation can be
t hought of essentially as standing waves. The standing wave for each node has a
node at one end, located at the star’s center, at which gasses are stationary.
For fundanmental pulsators, the gasses nove in the sanme direction radially
outward fromthe center node at every point in the star, as illustrated in
figure 3. This node of pulsation is analogous to the single standing wave on a
string in the figure. First overtone variables, in addition to having a center
node |ike fundanental pul sators, possess a second node, from which gasses nove
in opposite directions, between the star’s center and its surface.’” This is
nore simlar to the sinusoidal standing wave shown in figure 3. Wth this in
m nd, the characteristic differences, such as symetry, period |l ength, and
overal | magnitude difference, between the two types of |ight curves typical of
pul sating variabl es become a bit nore intuitive.

RR Lyrae and Cepheid stars, the classes of variables around which this
proj ect was focused, can both pulsate in either of these nbdes, and sonetines
will operate in a blend of the two. It is inportant to be able to distinguish
between light curves of the two types of variables pulsating in the sane node,
and there are sonme key identifying characteristics. Cenerally, RR Lyraes tend
to be nmuch ol der than classical Cepheids and are found distributed throughout
the halo of the galaxy in globular clusters. Although they are closer, fainter
| ess massive, and nore netal poor than the younger Cepheids, both types of
vari abl es share the same nechani smof variation described previously.® RR Lyrae
[ight curves typically have periods shorter than one day, although such short
periods for Cepheids have been determ ned. The period of pulsation for
vari abl es such as Cepheids and RR Lyraes is related to their densities. Longer
periods are generally correlated with nore massive stars, and high nmass is
associ ated with greater lumnosity. This explains sonme key |ight curve
di fferences between the two types of variables, such as the reason that Cepheids
tend to be brighter and have | onger periods than the | ess nassive RR Lyraes.

A period-lumnosity relationship, such as the one expressed in figure 4
for the Snall Magellanic doud gal axy, is nost effective for distinguishing
between the types of variables. This graph, which will be discussed further
later, is inportant in illustrating the difference between the fainter short-
period RR Lyraes, located in green in the bottomleft corner, and the Cepheids,
occupyi ng the two bands ascending toward the right. As well as show ng vari abl es
located within the SMC, this graph includes foreground RR Lyraes, pictured in
[ight blue, that appear in a vertical strip with periods |ess than about half a
day. It is interesting to note that snaller magnitude, or increased brightness,
appears to be correlated with | onger periods. The graph also indicates that
overtone Cepheid pul sators tend to be nore |um nous than fundanmental s of the
same period. These trends also manifest thenselves in the |ight curves of these
different variables, and provide good clues to proper variable classification



The Bl azhko Effect

Sone RR Lyrae stars have light curves that vary significantly over a
relatively short tinescale, usually on the order of tens of days, which may
sonetines be the effect of a second periodicity. Such stars are either RRd type
variabl es, which pulsate in a mx of the fundanmental and first overtone nodes,
or these stars exhibit the Blazhko effect.® The origin of the second
periodicity described by Blazhko stars is not well understood currently,
al though it has been suggested that it nay be due to sone mixing of pulsation
modes or could be the result of stellar magnetic fields.?

One | arge conponent of the project this sumer was observing the star XZ
Cygnae, a known RR Lyrae with a relatively well-studi ed Bl azhko cycle, using the
24" telescope at the MSU observatory. Images of the star were taken with the
CCD canera at the observatory and processed using | RAF tasks. By observing the
changes in XZ Cygnae’ s magni tude over the course of the sunmer, it was possible
to construct a series of light curves to describe the data. Figure 5 shows all
of the data collected for this study so far, and it is easy to see the varying
[ight curves superinposed upon one another. Basically, a termcorresponding to
magnitude is plotted versus the phase, which is the folding of all observations
into one assunmed period. The primary period of variation for XZ Cygnae is known
wi th reasonabl e accuracy, and this was used to determ ne the phase. If XZ
Cygnae varied solely with this period, one would expect to see the sane |ight
curve traced repeatedly by the observational data. However, the Bl azhko peri od
of the star adds a second period, not taken into account in the phase
cal cul ation, and thus we observe a pronounced variation in the |ight curves over
tinme.

This study of XZ Cygnae's Bl azhko period is inportant in several different
ways. First of all, these observations, along with those that will be taken as
this study is continued into the fall, will help to better determ ne the Bl azhko
period of XZ Cygnae, which is currently about 57.3 days.'' In addition,
previous observations indicate that fluctuations in prinmary period have been
associ ated with changes in the Bl azhko cycle. W have yet to observe this trend
in our observations for certain, although we have been observing for only
slightly longer than one Bl azhko period. Nevertheless, our nost recent data nmay
i ndicate that such a shift in the primary period is occurring. Please note the
series of points along the decending portion of the light curve toward the right
whi ch appear to be separate from previous observations in figure 5. Mre data
is necessary to really assess this possible period shift. It has been suggested
that the Blazhko period is the sane as the rotation period of the variable star
If this is true, then one would expect the Blazhko period to remain relatively
constant over time, since fluctuation would be correlated with a significant
change in the star’'s angular nonentum 2 |In determining a better Blazhko
peri od, one of the goals of this study is to conpare it with previous
nmeasurenents and assess the probability that this theory is correct.

Survey of Variables in the SMC

In 1992, Dr. Horace Smith, the advisor for this project, published the
results of a survey investigation of variable stars in a region of approximately
one degree square in the Northeast Armof the Small Magellanic O oud, or SMC
The SMC is one of two small, irregular satellite gal axies of our MIky Wy.



Al though simlar variable surveys of the SMC have been carried out in the past,
it seenms that many of these studies have neglected the fainter variables, nore
specifically, those dimrer than 17.5 magnitudes.®® The main consequence of this
om ssion, according to Smith, is that it has skewed the period-frequency
distribution for SMC Cepheids to shorter periods. The period-frequency
relation, such as the one for the SMC shown in figure 6, issinply a plot of the
nunber of variabl es known possessing certain periods. In figure 4 it was
noticed that there is a correlation between fainter variables, or those
possessing a greater magni tude, and short period |length. Since nost previous
studi es of SMC vari abl es have not searched for these faint stars, the nunber of
known vari abl es of correspondingly short periods has been partially defined by
the limting magnitude of the variable star searches.

Smith has continued this survey of SMC variabl es, taking nore photonetric
i mmges of approximately the sanme region of sky analyzed in the 1992 paper during
observing runs in 1992-1994 with the Curtis Schnmi dt tel escope at CTIOin Chile.
The primary purpose in the continuation of this project is to search for new
variabl e stars and deternmine their periods. One goal is to increase the nunber
of known faint, short period variables. As mentioned previously, variable stars
can be used as standard candles in determ ning extragal actic di stances because
of a relationship between lum nosity and di stance. Thus, the discovery of
fainter variables could change the cal cul ated di stance. So, these new vari abl es
could be used by other studies to determne the distance to the SMC, and thus to
ot her distant gal axi es, nore accurately.

The region of sky in which the search was conducted was divided into four
slightly overlapping fields, each covering a single CCD inage. Every field was
phot ographed in two different filters, or wavel engths, the Blue (B), centered at
4400 A, and the Visual (V), which is yellowgreen centered at 5500 A | nage
processi ng, photonetry, and identification of possible variables were perforned
with | RAF tasks. The other main portion of this sumer project consisted of
finishing an analysis of the data taken for field 4, located in the Southwest of
the region, since studies of the other fields had been conpleted over the course
t he past several years. This project attenpted to discover variabl es appearing
in ether the Bor the Vfilter infield 4. Mbst variables will appear in both
filters of the sane field, although special circunstances can arise for which we
observe the variable in one field and not in the other. For exanple, if a faint
vari abl e has a red gi ant neighbor, nost of the light it emts in the V
wavel ength range will be effectively swanped by the other star. However, this
variable may very well appear in the B filter because the red nei ghbor woul d not
be emitting as nuch light in this region of the spectrum?® Thus, it is very
inmportant to take this possibility into account when searching for variable
stars.

There are, on the other hand, many other factors, usually having to do
with the instrumentation itself, that can nmake a star seemvariable. For this
reason, one usually finds a ot of "junk"™ or "noise" when anal yzing data from
possi bl e variabl es appearing only in one filter. It is crucial to be able to
examne the image itself to see if there are reasons why one m ght expect junk.
For instance, if the variable is |ocated very near the edge of the inage, there
could just be problens with the edge of the CCD chip. |If the picture appears to
be blurred, one could really be | ooking at a blend of stars that the canmera was
not sensitive enough to distinguish, rather than a true variable. After
exam ning the i mages for possible variables, we attenpted to fit light curves to
the data extracted fromthemusing the | RAF task pdm Phase Di spersion
M nim zation. Basically, this programtakes a set of observations, which is
sinmply a list of magnitudes of the possible variable and the tines of



observation, and tries to mnimze the variance of the data with respect to the
mean |ight curve. In other words, the goal is to have the | east scatter of data
points around the |ight curve deternmined by the program

The light curves of the different variable stars shown in figure 7 were
all constructed with the aid of the pdmprogram Each variable pictured has a
light curve in both of the filters, B and V, and they were identified in field
4. SMC 13677 in this study, identified as HY 1793 in the Harvard variable
surveys, is a prine exanple of a fundanental node pulsator. The steep increase
in magnitude is followed by a nore gradual decline, and the overall change in
brightness is approxi mately one order of nagnitude. Conparing this with the
light curves for SMC 17856, a first overtone variable, one observes how
relatively symretric these curves are. The overall change in magnitude is now
about 0.6, as opposed to 1, and the period of variation is alnost 3.5 tines
shorter than for the fundanental pulsator. A glance at the period lumnosity
relationship for the SMCin figure 2 quickly reveals that both variables are
Cepheids, lying along the two divided bands of overtones and fundanenta
pul sat ors.

Figure 4 was actually constructed fromthe results of Dr. Smith's variable
survey of the Northeast armof the SMC, and contains alnost all of the variables
found in each of the four fields of the study. As we saw earlier, it clearly
del i neates the differences between the nost conmon pul sating variables in the
SMC, the RR Lyraes, in green, and the Cepheids, dark red and blue. In addition
this graph provides direct evidence that there are faint variables (greater than
17.5 magni tudes) with correspondingly short periods in the SMC. These nust be
taken into account so that period-frequency rel ationships, such as the one
pictured in figure 6, are not skewed by limting search magnitudes. This period
lum nosity relationship of pulsating variables in the SMC provides a very
interesting and useful illustration of the results yielded by Smth’'s survey.

There are other kinds of variable stars discovered by this survey of the
SMC that do not appear in the period lumnosity relation in figure 4. For
exanple, there were a few extrinsic Eclipsing variables found, illustrated by
the light curve in figure 8, that are characterized by relatively snmooth |ight
curves interrupted periodically by a telltal e sudden decrease in brightness.
This study was not able to fit light curves to all variables discovered, since
it was really designed to work with variables having periods within a range of
~0.4 to just less than 10 days. However, |onger period variables (greater than
10 days) have been di scovered and al t hough exact periods cannot be determ ned in
this study, it is inmportant to include these as part of the SMC survey. The
best fitting pdmlight curves for such |ong period variables, such as the one
for SMC 13760 in figure 9, typically have periods very close to one day and a
cl unped distribution of data points.' This “clunpiness” comes fromthe fact
that the nagnitude change over any one particular night of observing is
relatively small, and we only begin to observe the star’s variable nature over
many ni ghts of observing. Thus, clunpy data is a good indication of a |ong
period vari abl e.

The variable in figure 9 was found over the course of this sunmer project,
and appeared only in the V filter in field 4. The clusters of data points are
very apparent, and the period of 0.9982 days is a good indication that this is a
long period variable star. The other possible variable that was found over the
course of this sumer project is also pictured in figure 9. SMC 18984 seens to
exhi bit sone periodic variation in the B filter data, but no such period can be
determined fromits corresponding V data. The field 4 image shows no red giant
nei ghbor capabl e of swanping its image in the V filter, nor is this star |ocated



cl ose enough to the edge of the V frame to bl ane bad pixels on the edge of the
CCD chip. |If we examne the period lumnosity relationship in figure 4, we see
that given this star’s period and magnitude, it does not really fit in, that is
it does not Iie along either of the Cepheid bands. Fromthis information, it is
probably safer to conclude that this is not a real variable, despite its
periodic nature in the B filter. Thus, essentially one long period variable was
di scovered in this sumer project and added to the survey's master |ist of
variables in the SMC
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Overall, variable stars serve sonme inportant functions in astrophysics,
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the field of astronomy, and perhaps the data gleaned from Smth's survey of
variables in the SMC, including nany of the faint short period stars not found
in previous surveys, will be used in other studies to better determ ne the

di stance to the SMC. Although the two portions of this project are fairly
different fromone another, they each highlight different and very i nportant
aspects of the nature of pul sating variable stars.
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learn quite a bit about Smith's entire project. | also enjoyed the other
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very grateful to Dr. Smith for teaching ne how to use the tel escope and for his
pati ent expl anations of his research and the nature of pulsating variable stars.
I would like to thank Barton Pritzl for letting me use his prograns to reduce
sone of the SMC data, and Mchelle Stark for her explanations of her research
and data reduction and for her very useful email advice. | would also like to
t hank Aaron LaCl uze and Karen for hel ping ne observe XZ Cygnae this sunmer and
aiding ne in reducing nunmerous inmages. Many thanks to the NSF and to M chigan
State for letting ne study here this summer and for footing the bill.
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figure 3. This figure illustrates the differences between pul sati on nodes.

figure 4. Period lumnosity relationship for SMC variables found by Snith's
variabl e survey with data collected from 1992-1994. Made by Mchelle Stark for
Dr. Smith.



figure 5. XZ Cygnae's light curve illustrating the Blazhko effect constructed
with data fromthis summer’s observations with MSU s 24" tel escope. G aph nade
for Dr. Smith by Abigail Hedden

figure 6. Period frequency relation for Cepheids in LMC (solid) and SMC (dash).



figure 7. Series of light curves (in B and V) of Cepheid variables pulsating in
the fundanental and first overtone nodes.

Li ght Curves for SMC13677, HV 1793, in both V (top) and B(bottom



Li ght Curves for SMC 17856, an overtone variable in V and B



figure 8. Light Curve of SBG 55, a prinme exanple of an Extrinsic eclipser

figure 9. Results of SMC data analysis this sumer. Above is a light curve of
SMC 13760, a long period variable. Belowis the Iight curve of SMC 18984, which
seens periodic in B but is probably not a real variable.






