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ABSTRACT

The Sun varies in irradiance, or total flux, by about 0.1%, or 1 millimagnitude (mmag),
over a period of days to weeks caused by the passage of active regions (composed of
sunspots and associated phenomena) across its disk and over a period of years resulting
from the solar cycle. Is the Sun a typical star at this level of activity? The ages of most
nearby stars are poorly known, so they may not be suitable for comparison with the Sun.
However, solar-type stars in star clusters have well-determined ages.

I present results of the search for stellar activity in four old star clusters with ages
between 1.6 and 7 billion years. The data span a period of 8 yrs, consisting of more than
5 million individual magnitude measurements.

I selected a subset of active stars from the main sequence population by testing for the
statistical significance of the photometric variability in each star. In the three youngest
clusters, NGC 7789, NGC 6819, and M67, between 4% and 28% of the stars are signif-
icantly active on a rotational timescale with amplitudes of 6 to 10 mmag; no activity is
seen on this timescale for the oldest cluster, NGC 188. On a yearly timescale, all of the
clusters have a small fraction of active stars (3% to 19%) with amplitudes of 5 to 12 mmag.
The lightcurves of individual stars show trends over the 8 year period reminiscent of the
solar cycle. The data also show strong evidence that many more stars are active with
amplitudes below the formal limits of detection.

Stellar activity in solar-type stars on the rotational timescale declines to amplitudes

less than 1.5 mmag, the detection limit, by the age of the oldest cluster (7 billion years).



The activity in typical stars in the younger clusters has a much higher amplitude than is
observed in the Sun, but is in good agreement with previous studies based on observations

of younger stars.
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Chapter 1

Introduction

The Sun is variable on a wide range of timescales: from a few minutes to the years that
make up a solar cycle (Lockwood, Skiff & Radick 1997; Pap et al. 1999). The Sun’s
irradiance, which is defined as the amount of radiant energy emitted by the Sun over
all wavelengths that falls on 1 m? each second at a distance of 1 AU, varies from effects
operating on at least three timescales: the p-mode oscillations of the Sun, individual
sunspots and plages passing across the surface of the Sun and the 11-year solar cycle. All
of these effects are at a very low level, less than a 1% change in the Sun’s brightness.
Photospheric, chromospheric, and coronal effects related to the long-term solar cycle have

similar timescales (Gilliland & Baliunas 1987).

The Sun’s activity and associated irradiance changes affect the Earth’s climate (Lean
& Rind 2001), but we do not yet know to what extent the Sun’s irradiance may change
over the long term. We can estimate this indirectly by studying the behavior of other
stars. First, I will describe the current state of knowledge of the Sun’s variability, and

then what is known about the variability of other types of stars.

I have observed several open star clusters at multiple wavelengths to determine the
degree of stellar activity in each star cluster as a function of spectral type. Since the open

clusters range in age from 1.6 Gyr to approximately 7 Gyr, these observations will also



provide a breakdown of stellar activity by age. Consequently I will begin to understand

the type of activity that might be expected from the Sun.

1.1 The Sun and Its Activity

Solar activity includes photospheric, chromospheric, and coronal activity. Photospheric
activity consists primarily of sunspots, but also includes plages, faculae, granulation, and
super-granulation. Sunspots are cooler (and therefore darker) regions in the photosphere
caused by magnetic field activity, and are created and destroyed over periods of days to
a few weeks. Chromospheric activity is dominated by plages, which are regions of bright
Ha emission generally located near active sunspots. They are longer-lasting than their
associated sunspot.

More transitory activity consists of solar flares and prominences. Flares are eruptions
of stellar material that occur in a few hours or less, originating from active sunspots.
Prominences may be longer-lived. They consist of ionized gas that travels from the
chromosphere along looping magnetic field lines and eventually falls back down to the
chromosphere; they may extend far into the corona.

The majority of coronal activity is caused by variations of coronal structure. During
times of low solar activity, the corona is featureless and generally isotropic. When the
Sun is more active, however, the corona has gaps and streamers whose structure changes
more quickly. Occasionally during periods of high solar activity, large amounts of material
suddenly erupt from the corona and escape from the Sun; these are known as coronal mass
ejections.

The solar cycle is a long-term cycling of solar activity, most obvious in the number of
sunspots visible on the Sun at any point during the cycle. Approximately every eleven
years, the number of sunspots reaches a maximum, declines to a minimum approximately
5.5 years later, and then increases again. The Sun’s magnetic field switches polarity with

each cycle. The Sun’s total irradiance also varies on the same time scale.



Several experiments have been flown aboard spacecraft to measure the solar irradi-
ance. The Solar Maximum Mission (SMM) found that when the cooler sunspots cross
the Sun’s surface, the Sun’s brightness dims by as much as 0.2% (Willson et al. 1981) or
approximately 2 millimagnitudes (mmag). The VIRGO experiment on the SOHO space-
craft showed that the amplitude of the variability caused by sunspots is larger at UV
wavelengths than at red and IR wavelengths (Pap et al. 1999). This result is expected
from the basic physics of thermal phenomena and will be expanded upon later.

The Sun’s short-term variability is related to sunspots. ACRIM data show that dips
in the Sun’s brightness are caused by the darker sunspots that move across the Sun’s
surface; the younger, more complex sunspot groups have a larger effect (Frohlich & Pap
1989). VIRGO data further show that the Sun’s total irradiance is affected primarily by
sunspots, but that the Sun’s UV irradiance is more affected by plages (Pap et al. 1999).
VIRGO also confirmed that active sunspot regions cause the strongest modulation in the
brightness (Pap et al. 1999).

The solar cycle is much more difficult to monitor because of its long period. According
to a composite record of the Sun’s irradiance (from the HF, ACRIM I and II, ERBS, and
VIRGO experiments), the Sun’s irradiance was 0.1% (1 mmag) higher during the sunspot
maxima of 1980 and 1990 than during the minimum of 1986 (Willson & Hudson 1991).

1.2 Why is the Sun Active?

Why does the Sun have activity? What generates sunspots, plages, and the other manifes-
tations of that activity? The accepted model of the Sun’s activity is the magnetic dynamo.
Differential rotation of the Sun’s outer layers shears the nominally poloidal magnetic field
and produces a toroidal field (Leighton 1969). During this shear, strands of the toroidal
magnetic field breach the surface of the Sun and form sunspots (Leighton 1969; Parker
1955b). Eventually the fluid motions in the toroidal magnetic field regenerate the Sun’s

poloidal magnetic field, reversing the polarity (Parker 1955a). The cycle then begins anew.



The strength of the magnetic dynamo is determined by the depth of the Sun’s convec-
tive zone and the rotational velocity of the Sun (Noyes et al. 1984). These factors have a

combined effect described by the Rossby number:

PT‘O
Ro= "% (1.1)

Te

where P, is the rotation period of the Sun, and 7. is the convective turnover time at the
base of the convection zone. The convective turnover time is determined by the degree by
which the Coriolis forces of rotation are introducing helicity into the motions of convection.
Analytic models of the magnetic dynamo predict periodicities of solar activity that relate
to the Rossby number. However, models describing the Sun’s activity fully have not yet
been developed (Baliunas & Vaughan 1985). The Rossby number is a fixed quantity for
the Sun; it is a way to compare the Sun with other stars, since stars with higher levels of

activity will have lower Rossby numbers.

1.3 The Activity of Other Stars

1.3.1 Extending the Magnetic Dynamo Model

The magnetic dynamo model developed for the Sun should apply to any star whose struc-
ture is similar to the Sun — that is, with a convective zone. Stars with deeper convective
zones will have longer turnover times (7.) at the bases of their convection zones and there-
fore will have greater stellar activity. Rapidly rotating stars will have more activity than
slower spinning stars (Noyes et al. 1984).

How is stellar activity affected by the aging of a star? A star’s rotational velocity
decreases over time due to magnetic braking — the magnetic fields in the star’s atmosphere
and stellar wind act to slow the star’s rotation (Baliunas & Vaughan 1985; Brandenberg,
Saar & Turpin 1998). Thus the Rossby number increases with age.

Skumanich (1972) used observations of the chromospheric activity in the Pleiades,

Ursa Major group, the Hyades, and the Sun to show that the amplitude of variability



because of stellar activity in these stars declined as t=1/2

, where ¢ is the age of the stars.
Soderblom (1983) used lithium abundances to determine the ages of field stars; then
he used observations of the rotational velocities of cluster stars as well as field stars

to determine the same relationship: vsin(i) o< t~'/2. However, neither of these results

included observations of stars older than the Sun.

Soon, Baliunas & Zhang (1993) proposed the quantity Pey./Pro, which is the period
of the stellar activity cycle divided by the rotation period, as an observational equivalent
to the dynamo number, which is inversely proportional to the Rossby number. When they
examined the relation between P.,./P,,; and B-V color for the 25 years of chromospheric
observations of the Mount Wilson Observatory HK Project, they found an inverse relation,
and they found two populations of stars. Both populations had an inverse correlation
between color and Ppy./P,,. However, the populations had a different relation between
Pryc/Prot and age. One population had generally higher values of P,y./P,o and were also
young; the other population was older and had lower values of P,,./P,,. This break
between the stars seems to be the same Vaughan-Preston gap first noted by Vaughan &
Preston (1980) in the chromospheric activity in stars near the Sun. They hypothesized
that there was a break in dynamo efficiency between the two population of stars, at an

age of 1 - 3 Gyr.

Brandenberg, Saar & Turpin (1998) also found two branches of stars that behaved
similarly, using updated chromospheric data for the same stars. However, when they
calculated the Rossby number from Equation 1.1 using an empirical value for 7, and plotted
it versus the chromospheric activity, they found no segregation in the stars. They proposed
that Pt/ P.y. decreases gradually as the stars age, until they reach a certain threshold,
and then the stars rapidly transit to the inactive population. This transition reflects a
decrease in P.y.. Once the stars joins the inactive population, its activity continues to
decline as Pt/ Peye o< t70-35 The transition between populations seems to take place at

ages of 2-3 Gyr (Brandenberg, Saar & Turpin 1998). The authors also found a “super



active” branch of activity upon which some very young stars fell.

Past research shows that stars of later spectral types are more active. Stars are also
more active when they are younger, before their rotation slows. However, no work has

been done on stars known to be older than the Sun.

1.3.2 Sun-Like Stars

The Mt. Wilson HK Project (Baliunas et al. 1995) has been monitoring chromospheric Ca
II H and K line flux for approximately 100 nearby stars, some for twenty-five years. The
H and K line emission increases in response to the heating produced by local magnetic
inhomogeneities, such as plages. Baliunas et al. (1995) analyzed the twenty-five years’
worth of data, and found that F-type stars are nearly constant in H and K flux. Later
type stars (G and K) in the survey showed both rotational and solar cycle-type activity.
Some G stars exhibited very low levels of activity reminiscent of the Maunder minimum
period of the Sun’s activity. A “solar cycle” period was found for forty-six of the 111 stars,
with periods ranging from approximately 2.5 to 21 yrs. In addition, chromospheric flux
in the H and K lines generally increased with (B-V) color.

Sun-like field stars in the solar neighborhood have also been studied to learn about
their photospheric stellar activity. Lockwood, Skiff & Radick (1997) reported on ten
years of observations of nearby sun-like stars in Stromgren b and y. They observed forty-
one stars, approximately three-quarters of them from the Mt. Wilson HK Program. They
discovered that late-F through M stars had rotational variability ranging from ~3 mmag to
~b0 mmag. The yearly variability was approximately 15 mmag. They possibly uncovered
“solar cycle” decade-scale variations of 30 mmag peak-to-peak, but could not find any
periods. In their study, the amplitude of the yearly variability was correlated with (B-V)

color.

Radick et al. (1998), combined their photometric measurements (Lockwood, Skiff &

Radick 1997) with the results from the Mt. Wilson HK Project for the thirty-four stars



included in both programs. They found that the long-term activity of the nearby stars was
roughly segregated by mass: those stars more massive than the Sun had low-amplitude
cycles, but those stars less massive than the Sun tended to have high-amplitude cycles.
They determined that both long-term and short-term (rotational) variability were corre-
lated with the overall level of chromospheric activity of the star. Also, they observed that
young, active stars tend to become fainter as their chromospheric H and K line emission in-
creases, but older stars, including the Sun, tend to become brighter as their chromospheric
emission increases. This could suggest the cause of variability for each star: younger stars
decrease in brightness because starspots are the greatest influence, but for older stars, the

dominant faculae cause an increase in brightness.

The “Sun in Time” project, a multi-wavelength study of nearby, solar-type stars, was
begun in 1988 (see Bochanski et al. (2000)). Preliminary photometric results for rotational
variability for these stars have been released; the youngest stars, ~ 70 Myr (O’Dell et al.
1995), have variations of 30 - 90 mmag, while the older stars, ~ 2 Gyr, have variations less
than 10 mmag. Later results in Messina & Guinan (2002) for six G and K stars ranging
in age from 130 - 750 Myr show that they have long-term cycles, similar to the solar cycle,
caused by photospheric activity. The observed periods span 3 - 13 yr, with amplitudes of
60 - 310 mmag in the V band. The amplitude of variability is highly correlated with the

inverse Rossby number.

The primary difficulty in observing field stars, including the Mt. Wilson HK Project
stars, is determining their ages. The estimated ages of stars in the project come from
indirect techniques. The abundances of certain elements such as lithium compared to
abundances expected from stellar models allow an approximate age determination. An-
other method is to measure the rotational velocity of the star spectroscopically; younger
stars have shorter rotation periods (Soderblom 1983). The amount of chromospheric emis-
sion is another indicator: younger stars are more chromospherically active. However, the

reasoning in some of these methods is rather circular. A star deemed young because of



its high chromospheric activity or rotational velocity cannot then be used to show that
young stars possess these properties. This is a fundamental problem not easily overcome.

Searching for stellar activity among open cluster stars is a logical next step. Com-
pared to field stars, many properties of open clusters are well determined: age, distance,
composition, and reddening. Since all of the stars in a cluster are the same age, we can
observe the activity of many spectral types simultaneously. By observing clusters of dif-
ferent ages, we can build up a picture of how stellar activity changes for different types
stars over time. Conveniently, open clusters, especially the older ones, tend to be similar
to the Sun in terms of composition. However, few clusters have been observed over time
periods long enough to search for this variability. Those clusters that have been observed

are younger than the Sun. I present a review of those observations here.

1.3.3 1IC 2391

IC 2391 is a 30 Myr old open cluster. Patten & Simon (1996) observed this cluster
photometrically in V using a CCD and a photometer. They found rotation periods for 24
of 78 cluster stars from types A to M; the rotation periods ranged from ~ 0.5 - 5.8 d. The
amplitudes of the variations were approximately 100 mmag. They also imaged the cluster
with ROSAT and confirmed the correlation between fast rotation and increased coronal

activity as measured by x-ray emission.

1.3.4 IC 2602

IC 2602 is a southern cluster; its age is estimated at 30 - 35 Myr (Barnes et al. 1999).
Barnes et al. (1999) studied 33 stars in this cluster through a V filter for four to six weeks.
Rotation periods were found for 29 of the stars from their variability due to starspots.
The rotation periods ranged from 0.2 - 10.1 days, with typical photometric amplitudes of
~40 mmag. Little correspondence between the length of the rotation period and spectral

type was found. No direct relation between amplitude and period was found, but longer



period stars tend to have small amplitudes, while shorter period stars could have large or

small amplitudes.

1.3.5 « Persei

A recent investigation of the « Persei cluster by O’Dell et al. (1997) yielded rotation
periods for five of nine stars in this ~50 Myr cluster. The stars were G- and K-type stars
that were selected for their known rapid rotation. Their rotation periods were determined
from one season’s observations and ranged from ~0.2 - 0.75 d, with V band amplitudes
of 30 - 140 mmag. Several slowly rotating stars were also observed, but the authors were

unable to determine any rotation periods.

1.3.6 IC 4665

Allain et al. (1996) have studied the young (~ 70 Myr) cluster IC 4665 in the V band.
They found photometric periods for eight of fifteen stars, which ranged in spectral type
from F to K. The periods ranged from 0.6 - 3.7 d and the amplitudes ranged from 30 -

100 mmag.

1.3.7 The Pleiades

The Pleiades are a well-known cluster with an age of 70 - 100 Myr. The Pleiades have
been studied frequently both photometrically and spectroscopically. Krishnamurthi et
al. (1998), studied the Pleiades in V with five 1 m-class telescopes over three observing
seasons. Variability due to rotation was detected in 21 of 36 stars observed in the cluster.
The rotation periods determined ranged from 0.3 - 8.2 days with amplitudes from ~50 -
100 mmag. No pattern relating spectral type to rotation period or amplitude was seen.
Using spectroscopy of Ha and the Ca II infrared triplet, Soderblom et al. (1993)
determined vsini for many stars in the Pleiades. The values ranged from the detection

threshold of 7 km s~! to ~100 km s~!. No unique correlation between rotation velocity



10

and spectral type was seen, but the spread in rotation velocities showed a pattern. Late-F
and early-G dwarfs have a factor of five range in vsin¢, while late-G and K dwarfs have
a factor of twenty range. A small population of stars were called ultra fast rotators, with

vsini > 30 km s~!.

1.3.8 The Coma Star Cluster

The Coma star cluster is estimated to be ~ 430 Myr in age. Radick, Skiff & Lockwood
(1990) observed the cluster in Stromgren b and y between 1984 and 1987. They detected
no variability on either rotational or yearly timescales for the four F stars in their survey.
They found that the four G stars in the survey were variable by ~7.8 mmag on rotational

timescales and by ~15 mmag on yearly timescales.

1.3.9 The Hyades

The Hyades (approximately 600 Myr old) have been monitored for stellar activity by sev-
eral research groups. Radick et al. (1987) observed 24 stars in the Hyades photometrically
in Stromgren b and y and spectroscopically via the Ca II H and K lines over one season.
Photometrically, they found none of the six stars earlier than F7 to be variable; they
found all eighteen late-F, G and K stars to have short-term (rotational) variability with
an amplitude of ~40 mmag and long-term variability of ~15 mmag. They speculate that
earlier stars would also be variable with higher photometric precision.

The rotation periods that Radick et al. (1987) found ranged from approximately five
days to thirteen days; the periods tended to increase with spectral type. A typical G star
in the Hyades rotates three to four times faster than the Sun. Through the Ca II H and
K line observations, they determined that drops in photometric brightness correspond to
increases in the H and K flux, which suggests that starspots and plages coincide on the
stars’ surfaces.

The continuation of these observations, which resulted in twelve years of observations
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of ten G and K stars, yielded similar results (Radick et al. 1995). The long-term variability
was found to be ~7 mmag, slightly less than that found by Radick et al. (1987). Rotation
periods ranging from six to eleven days were found for the stars.

Stauffer et al. (1991), observed the Ha line on low-mass Hyades stars, since Ha
equivalent widths also indicate the amount of chromospheric activity present on a star.
Comparing their data to that from the Hyades and field M dwarfs, they concluded that
chromospheric activity decreases with the age of the star. They also observed that Ha
emission or absorption equivalent widths may vary with plages on the star in a manner

similar to the solar cycle.

1.3.10 M67

M67 is a much older open cluster of ~4 Gyr. Giampapa et al. (2000) have undertaken a
long-term Ca IT H and K line study of over 100 solar-type stars in the cluster. Interim
results, which appear to be based on observational data from a single epoch, show that
the H and K emission has a much wider range than the emission seen from the Sun.
Approximately 30% of the stars exhibit levels of activity that are outside of the range of
activity normally seen from the Sun.

Stassun et al. (2002) searched 990 stars projected around M67 for variability in BVI.
For five observing runs over two years, they found 69 variable stars. Variable F stars had

an average amplitude of 16 mmag, G stars 21 mmag, and K stars 22 mmag.

1.3.11 Current Activity vs. Age Relationship

From the works previously discussed, we can summarize what is known currently about the
relationship between stellar activity and age. Observations to date have focused heavily
on young cluster stars or nearby field stars of not well-determined ages. Tables 1.1 and
1.2 summarize the variability of the stars previously discussed on time scales of days and

years. The amplitude of variability generally declines with age, but increases with spectral



type for each age. Figure 1.1 illustrates this with the G stars.

Rotational (Days)

Spectral Type Amp. (mmag) Target Age Reference
G ~ 80 IC 2391 30 Myr 1
K ~ 130 1C 2391 30 Myr 1
M ~ 90 IC 2391 30 Myr 1
G ~ 35 IC 2602 35 Myr 2
K ~ 33 IC 2602 35 Myr 2
M ~ 41 IC 2602 35 Myr 2
G ~ 70 «a Per 50 Myr 3
G ~ 50 IC 4665 70 Myr 4
G ~ 95 Pleiades 70 Myr 5
K ~ 96 Pleiades 70 Myr 5
M ~ 60 Pleiades 70 Myr )
G ~ 30 —-90 local dwarfs ~ 70 Myr 6
G ~ 7.8 Coma, 430 Myr 7

late-F ~ 32 Hyades 700 Myr 8
G ~ 40 Hyades 700 Myr 8
K ~ 40 Hyades 700 Myr 8
F ~2.7 HK Project ? 9
G ~ 3.8 HK Project ? 9
K ~ 5.3 HK Project ? 9
M ~ 80 HK Project ? 9
G <10 local dwarfs ~ 2 Gyr 6
F ~ 16 M67 4 Gyr 10
G ~ 21 M67 4 Gyr 10
K ~ 22 M67 4 Gyr 10
G 2 Sun 4.6 Gyr 11

12

Table 1.1: Photometric Variability on the Rotational Timescale. It should be noted that
many of the amplitudes are for single stars or averages of a handful of stars. References:
1 - Patten & Simon (1996); 2 - Barnes et al. (1999); 3 - O’Dell et al. (1997); 4 - Allain et
al. (1996); 5 - Krishnamurthi et al. (1998); 6 - Bochanski et al. (2000); 7 - Radick, Skiff
& Lockwood (1990); 8 - Radick et al. (1987); 9 - Lockwood, Skiff & Radick (1997); 10 -
Stassun et al. (2002); 11 - Willson et al. (1981).
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Long-Term (Years)

Spectral Type Amp. (mmag) Target Age Reference
G ~ 170 Sun in Time 130 Myr 14
K ~ 120 Sun in Time 130 Myr 14
G ~ 70 Sun in Time 300 Myr 14
G ~ 15 Coma 430 Myr 7
G ~ 60 Sun in Time 600 Myr 14
G ~ 7 Hyades 700 Myr 12
G ~ 70 Sun in Time 750 Myr 14
F ~ 2.8 HK Project ? 9
G ~19.3 HK Project ? 9
K ~11.8 HK Project ? 9
G 1 Sun 4.6 Gyr 13

Table 1.2: Photometric variability on the yearly timescale. It should be noted that many
of the amplitudes are for single stars or averages of a handful of stars. References: 7 -
Radick, Skiff & Lockwood (1990); 9 - Lockwood, Skiff & Radick (1997); 12 - Radick et al.
(1995); 13 - Frohlich & Lean (1998); 14 - Messina & Guinan (2002).

1.4 Distinguishing Stellar Activity

One challenge is to distinguish variability caused by stellar activity from that caused by
other phenomena, some of which were discussed above. Stellar activity has been moni-
tored photometrically through a star’s chromospheric activity, resulting from plages, or
its photospheric activity, caused by starspots and faculae. Observations of chromospheric
activity are usually made spectroscopically, targeting the Ca II H and K lines (Baliunas

et al. 1995) or the Ha line (Stauffer et al. 1991), for example.

Photospheric activity has been monitored through broad-band or intermediate-band
photometric observations. This study utilized broad band photometry because the cluster
stars are relatively faint, so the number of photons received must be maximized. As a
comparison, the nearby solar-type stars that the Mt. Wilson Project is monitoring have
V ~ 6. The solar-type stars in the clusters in this project have V ~ 14 to V' ~ 17, which
means the solar-type stars in this project are up to 25,000 times fainter. The exposure

times needed to achieve adequate signal-to-noise in a moderately high resolution spectrum
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Figure 1.1: Age vs. Activity for G Stars. The crosses represent activity on the timescale
of days, due to rotation. The circles represent activity on the timescale of years. A
description of the data points and references are in Tables 1.1 and 1.2.

would be prohibitive. The long exposure times would also preclude monitoring many stars,

since the measurements would be taken sequentially.

Two aspects of the photospheric variability should, in combination, identify its origin.
First, the variability should be correlated in color. Since a starspot passing across the
face of the star makes the star appear cooler and redder, all of the broad band colors we
might observe should dim simultaneously. Faculae will make the star appear hotter and
bluer. Figure 1.2 plots the solar spectrum for several temperatures, utilizing models by
Kurucz (1992). The solar spectrum at 5870 K represents the solar faculae; 5770 K is the
temperature of the photosphere; and 3900 K is the temperature of a sunspot. In addition

the 75% band-passes of the Johnson/Kron-Cousins BVRI filters are plotted.

The amplitude of variability in each filter due to starspots and faculae will depend on
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the relative surface area of the two phenomenon. From the figure, one can see that the
spectrum of the sunspot is nearly flat over the wavelength range observed through the
filters. However, the facular spectrum changes significantly over the same range. Thus,
if starspots dominate the variability, the amplitude of the brightness changes should be
nearly equal in all filters, but if faculae dominate, the amplitude of the brightness changes

should be greatest at shorter wavelengths.

This effect is demonstrated in Table 1.3. I have adopted the approach of Fligge et al.
(1998), which models the solar spectrum including the effects of sunspots and faculae by
assuming the spectra of these phenomena are similar to the Sun, but at lower and higher
temperatures, respectively. They then subtract flux from the spectrum according to the
area of the solar disk covered by sunspots and add flux to the spectrum according to the
area of the solar disk covered by faculae. I have then convolved the resulting spectrum
with the BVRI filter response. By comparing the changes in flux when spots and faculae
are absent to when they are present, I have determined the effects of each phenomenon

on the amplitude of variability through each filter.

Surface Area | AB AV AR Al AB/AV AR/AV AI/AV
10% sunspot | 0.1093  0.1047  0.0996  0.0923 1.04 0.95 0.88
10% faculae | -0.0124 -0.0091 -0.0076 -0.0064 1.36 0.84 0.70

Table 1.3: The amplitude of variability in each filter, assuming the star has the indicated
fraction of its surface area covered by either spots or faculae. As in Figure 1.2, the
photosphere is assumed to have a temperature of 5770 K, the faculae 5870 K, and the
sunspots 3900 K.

This calculation obviously makes a number of assumptions. I have assumed that other
stars will have starspots and faculae of the same temperatures as on the Sun. The spectra
of the spots and faculae may not be identical to the solar spectrum; indeed, the stellar
spectra of the unblemished photosphere will not be identical to the Sun’s. The stars
observed will also not manifest only starspots or faculae, but will have some combination

of the two phenomena. However, Table 1.3 can be used as a guide: if the amplitude of the
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variability is higher at lower wavelengths, then faculae are the primary contributor, but if

the amplitude is roughly constant at all wavelengths, then spots are the main contributor.
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Figure 1.2: Blackbody curves at three temperatures representing faculae (in gray), the
photosphere, and sunspots, in order of decreasing temperature. The 75% band-passes
of the Johnson/Kron-Cousins BVRI filters are also plotted. Solar spectra models are by
Kurucz (1992).

The inclination of each star will affect its amplitude of variability. Models by Unruh
et al. (2000) show that the amplitude of variability over a solar cycle may increase by a
factor of three or more if a star is observed nearly pole-on. In such a case, the contrast of
facular regions is enhanced since they appear on the stellar limb; the contrast of starspots
is diminished, but the faculae are the dominant effect. The inclinations of the individual
stars in the program clusters have not been determined, so this effect must be kept in

mind.
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Another aspect of the variability is its timescale. The timescale of any variations will
depend on the the rotation period of the stars, the evolution of the active regions on the
stars, and any long-term cyclic behavior. While I might begin to see signs of long-term
behavior, timescales of many years will not be a dominant effect in the present study since
I only have eight years of data. The assumed timescale of active region evolution on old
solar-type stars is based on solar observations, which show that active regions on the Sun
last from hours to a few months, with most surviving for only one solar rotation. Many
studies of RS CVn binaries (such as Mohin et al. (1985); Hall, Henry & Sowell (1990);
Hall et al. (1991); Rodoné & Cutispoto (1992); Strassmeier (1994); Lanza et al. (1998))
indicate that their active regions evolve over periods of months and even years; however,
these stars may be “over active” due to the synchronization of their rotation with their
orbital periods, which are on the order of days. Analysis of the light curves of BY Dra
binaries (for example, Oskanyan et al. (1977); Rodon6 & Cutispoto (1992)) show that
these stars also have active regions which evolve over weeks to months. Both types of
binaries are usually followed photometrically, which means that their starspots are being
observed. The Mt. Wilson HK Project stars have active region lifetimes of about a month
to several years (Donahue, Dobson & Baliunas 1997); these stars are similar to the Sun
and also to the stars of primary interest in NGC 7789. Finally, Lawrence (1987) shows
that the lifetimes of large plage complexes is 1-3 solar rotations (about 30 - 80 days) and

the lifetimes of large sunspot complexes is shorter, less than two rotations (50 days).

Following the work of Soderblom (1983), one would expect the stars in the youngest
cluster, NGC 7789, to rotate in about twelve days and the stars in the oldest cluster,
NGC 188, to rotate in about 32 days. However, the variability will not result in a simple
light curve with a well-defined period; the effect of starspots being created and destroyed
and their random drift across the stellar disk will make the light curve quasi-periodic at

best.
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1.5 Technical Challenge

The technical challenge is to measure the extremely small fluctuations we expect to see
from the cluster stars. In this section, I will review work done by other researchers on the

problem of ultra-high precision photometry.

1.5.1 General CCD Data Reduction Procedure

Others are also currently pushing the limits of photometric precision. Each group has
researched the basic noise sources in photometric measurements and developed similar
reduction procedures. The three groups are: Hans Kjeldsen and Soren Frandsen of the
Aarhus University in Denmark; Mark Everett and Steve Howell of the Planetary Science
Institute; and Ronald Gilliland and Timothy Brown, of the Space Telescope Science In-
stitute and the High Altitude Observatory, respectively. I will begin by describing the
reduction process outlined by Gilliland & Brown (1988, hereafter GB88), and then discuss
how the other groups’ procedures differ.

GBS88 sets out a detailed reduction prescription. In this, the first of their high-precision
papers, they observed M67 with a 0.9 m telescope and a CCD. They observed only one
field in the cluster and used exposures of one minute in duration.

The first step of data reduction according to GB88 is to make some standard corrections
to an image. They caution that not all of these standard corrections are necessary for every
CCD and that applying unnecessary corrections can in fact add noise to the resulting
photometry. They use the overscan section of the CCD to make a base level correction
and then use the average of numerous bias exposures to determine the bias pattern, which
they subtract from their image. After averaging several long dark exposures, they scale
the average dark to one minute exposure time and also subtract it from the image. Then
they correct for any nonlinearity in the CCD. Finally, they divide the images by a flat field
which is the average of many flat fields. The standard corrections applied in this project

and performed with IRAF include overscan subtraction, bias pattern subtraction, and a
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flat field correction, usually using sky flat fields.

Following the procedure of GB88, the next major step is the measurement of the
magnitude of each star. GB88 remove the sky contribution to each pixel by interpolating
sky values measured in a grid over the CCD. Then they proceed to measure magnitudes

using weighted PSF fitting in an iterative manner:

1. They fit a generalized Lorentzian function to approximately a dozen bright stars to

determine an analytic PSF.

2. The Lorentzian determined in the previous step is fixed in shape and fit to the same

stars; the residuals from the fit are saved.
3. The residuals are convolved with a grid of pixels.

4. The sum of the analytic PSF and the residuals is fit to approximately 25 clean stars

in order to find their magnitudes and positions.
5. A model of the star positions is generated.
6. All stars are re-fit using the analytic PSF plus the residuals.

7. The variance of the photons received by each pixels is found as a sum of terms due

to noise in the calibrations.

8. Ensemble photometry is performed: the median magnitude of approximately eleven
stars are used as a standard, and each star’s magnitude is differenced from it. The
stars chosen for the ensemble are similar in color to the target star and are located

near the target star in the CCD image.

Kjeldsen & Frandsen (1992, hereafter KF92) follow the same basic calibrations, ex-
cluding the determination of the sky background. They find the sky background in an
iterative process while performing PSF fitting photometry. First they find the local sky

background around each star. Then they do PSF fitting photometry and remove the star
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from the image. Repeating this process with all stars, the image is eventually blank and
consists only of the sky background. They redetermine the sky background from the blank
image. Then, knowing the true sky background, the stars are returned to the image and
aperture photometry is performed. Any difference between the aperture and PSF fitting

photometry is used to correct the PSF magnitudes.

Everett & Howell (2001, hereafter EHO1) follow a procedure similar to GB88, with
the important exception that they do not perform PSF-fitting photometry. Since they
are not working with crowded fields, they perform aperture photometry exclusively and
discard crowded stars. Once they have magnitudes measured from aperture photometry,
they perform ensemble photometry in a similar manner to GB88, adding an iteration of
this step to ensure that none of the ensemble stars are variable. They do not choose the

ensemble stars based on the target star’s color.

All three groups have demonstrated that their reduction procedures yield similar pre-
cisions. Using a 0.9 m telescope, GB88 achieved precisions of 1.5 mmag for V=12-13 stars
with integrations of one minute. Using the Nordic Optical Telescope, KF92 got precisions
of 1 mmag with one minute of integration time. With a 0.9 m telescope, EHO1 achieved

precisions of 2 mmag for V=14 stars with three minutes of integration time.

1.5.2 Strategies for Maximizing S/N

All of these studies have resulted in a number of “lessons learned” about how to perform
high-precision photometry. The first requirement is to collect as many photons as possible
in order to reduce the noise from Poisson statistics (Newberry 1991), which is why some
have suggested or already performed observations on defocused stars (Kjeldsen & Frandsen
1992; Howell & Everett 1999); defocusing the telescope spreads the stellar images over more
pixels, which allows for longer integration times. Other ways to increase the number of
photons received is to use broader filters, to increase exposure times, and to use a CCD

with a high quantum efficiency (Newberry 1991).
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Proper flat-fielding is critical for high-precision photometry. In order not to degrade the
S/N, flat fields should have a much higher electrons/pixel total than any of the objects
of interest (Newberry 1991). The flat fields should also be illuminated with the same
spectrum as that of the program object (Howell & Everett 1999) to elicit the same spectral
response from the CCD. Note, however, that if the telescope could be guided perfectly such
that the light from the object of interest always falls on the same pixels, flat fielding would
not be important as long as ensemble photometry was used (Gilliland & Brown 1988);
in such a case, the differences in sensitivity of the pixels would simply make individual

ensemble stars seem brighter or fainter by a constant amount.

Minimizing the amount of noise due to the sky background is another important con-
sideration. This could be done by observing only during dark time (Newberry 1991), using
a CCD with a low dark current (Newberry 1991), minimizing scattered light in the tele-
scope setup (Newberry 1991; Kjeldsen & Frandsen 1992), and using filters that exclude
night sky lines (Newberry 1991). Also, if aperture photometry is to be performed, the
apertures should be chosen according to each star’s brightness in order to ensure that the
per pixel noise is dominated by Poisson statistics. If a star is bright, a large aperture is
needed to lower the Poisson noise; if the star is faint, a small aperture is needed to lower

the sky noise (Everett & Howell 2001).

The choice of CCD is also important. A CCD with low readout noise and gain will
increase the signal-to-noise ratio (Newberry 1991). Also choosing a CCD that is well-
matched to the telescope to provide a pixel scale that will adequately sample the stars’
PSFs can be crucial, especially if PSF fitting photometry is to be done (Howell & Everett
1999). This also is important due to the variations in sensitivity with color that each pixel

has (Howell & Everett 1999).

More subtle sources of noise that may be important include: gain variations (Gilliland
& Brown 1988; Howell & Everett 1999, both within pixels and across the CCD), bad

star centers during the photometry (Kjeldsen & Frandsen 1992), changes in the PSF
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across the CCD (Kjeldsen & Frandsen 1992; Gilliland & Brown 1992), CCD shutter varia-
tions (Kjeldsen & Frandsen 1992), integration time variations (Kjeldsen & Frandsen 1992),
and fringing (Kjeldsen & Frandsen 1992).

Atmospheric scintillation and transparency act to reduce the precision of photometry.
Scintillation is a small change in the object’s brightness due to changes in the refractive
index of the atmosphere that focus the light. Following the Young (1967) scaling law for

low-frequency scintillation,

h
o =0.09D"3 X4 (2t) 2 exp <—h—> , (1.2)

where o is the RMS error in the intensity in magnitudes, D is the aperture diameter (in
cm), X is the air mass, h is the observer’s height above sea level (in m), A, ~ 8000 m is
the atmospheric scale height, and 7' is the integration time in seconds. For the Perkins
telescope, D = 182.88 cm and h = 2206 m. Table 1.4 gives a sampling of ¢ in milli-
magnitudes for typical airmasses (X) and integration times (¢). This scaling law applies
for timescales longer than a few seconds (Dravins et al. 1998). The aperture size of the
Perkins telescope filters out the highest frequency scintillation effects; most of the power

of the scintillation noise is in the 1 - 10 Hz range (Dravins et al. 1998).

X
T(s)| 1.0 12 14 1.6 18 20
10 | 0.474 0.652 0.854 1.079 1.326 1.594
30 [ 0.274 0.394 0.493 0.623 0.766 0.921
60 | 0.194 0.266 0.349 0.440 0.541 0.651
90 | 0.158 0.217 0.285 0.360 0.442 0.531
120 | 0.137 0.188 0.247 0.311 0.383 0.460

Table 1.4: The RMS error in intensity for the Perkins telescope due to scintillation is given
in millimags for a range of airmasses and integration times.

Since the refractive index of air is a function of wavelength, the amplitude and time
of arrival of scintillation noise also changes with wavelength. However, the dependence of
scintillation on wavelength becomes negligible for apertures larger than 20 cm (Dravins et

al. 1997b).
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Observations of binary stars by Dravins et al. (1997a) have shown that although the
brightness changes of the binaries due to scintillation is ~ 15% smaller than that of
single stars, differences between the components (separated by 2 - 8”) are noticeable.
Consequently, differential ensemble photometry, even with an ensemble of stars close to
the target star, may not compensate for scintillation effects.

Changes in atmospheric transparency will cause changes in the extinction of the stars
observed. The assumption commonly made is that any changes in transparency will be
gradual in both time and across the field of view. Differential ensemble photometry should

correct for this effect (for example, GBS8S).

1.5.3 Specialized Procedures

Some groups have developed some specialized procedures for the specific needs of their
various projects. Honeycutt (1992) developed what he called “inhomogeneous ensemble
photometry,” which is similar to the ensemble photometry discussed previously, except
that the ensemble is not composed of the same stars from frame to frame. This procedure
was developed for an automated observing program where an astronomer could not check

that exactly the same field was observed each night.

Howell & Jacoby (1986) experimented with a method of time-resolved photometry
whereby the star(s) of interest trailed across the CCD. The advantage of this method is
that the time resolution can be quite good, ~ 15 s. The disadvantages are that the sky
background builds up throughout the exposure, star trails can start to overlap each other
if too many stars are in the field, and added processing difficulties.

Alard & Lupton (1998) have developed a method they call “optimal image subtrac-
tion” to search for changes in brightness in the stars in two (or more) images. They choose
a reference image that is well-exposed and with good seeing. Then they degrade this refer-
ence image to the seeing of each image they are searching and find the difference between

the two images. Any residual brightness in a star tells how much the star’s brightness
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changed in the time interval between the two images. This method was developed for use
in the crowded fields of microlensing surveys and was demonstrated by analyzing images
from the OGLE II project. They found several periodic variables and achieved a precision
of 10 mmag. A more flexible version of this method (Alard 2000) allows the core of the

reference star images to vary spatially.

1.5.4 Examples of High-Precision Photometry

Typical applications of high-precision photometry include: variability in stars due to stellar
activity, transits by extra-solar planets, asteroseismology, or other types of low-amplitude
variable stars, such as § Scutis and rapidly-oscillating peculiar A (roAp) stars. I will give
some examples of high-precision work in each subject, including discussion of the precision

reached in lab settings.

Stellar Activity

Radick, Skiff & Lockwood (1990) observed the Coma Cluster with a 0.5 m telescope and
photomultiplier and got night-to-night precisions of 4 mmag. Radick et al. (1987) observed
the Hyades with the same setup and achieved a night-to-night precision of 3 mmag. Lock-
wood, Skiff & Radick (1997) observed solar-analog field stars with the same setup and got
precisions of 1.6 mmag for individual exposures. Ongoing observations of M67 by Roberts,
Craine & Giampapa (2000) using a 0.5 m telescope and a CCD are achieving precisions

of 4 mmag per 180 s exposure.

Transits by Extra-Solar Planets

Henry (1999) has used a program with automated telescopes and photomultipliers to
search for transits. He has achieved precision as good as 1 mmag for single measurements
and seasonal mean precisions of ~ 0.15 mmag. The OGLE-III program has observed 42

transits of stars observed toward the galactic center (Udalski et al. 2002); the masses
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of the transiting bodies suggests that the objects range from red stars to brown dwarfs
to large gas giant planets. They observed in the I band using a CCD and followed the
data methods of Alard & Lupton (1998) and Alard (2000). They achieved precision of

~2.5 mmag for individual measurements of their brightest (13th mag) stars.

Asteroseismology

Kurtz & Balona (1984) observed « Circinus with three 0.5 m class telescopes in two colors
with photomultipliers to look for signs of pulsations. They achieved precisions of 2 mmag
in the best cases, for individual exposures of 20 s. Belmonte, Perez Hernandez & Roca
Cortes (1990) observed an F star with 1.5 m telescopes and photomultipliers to get a
184-hr time series. The precision they achieved over the length of the time series was

2.6 mmag.

A major effort to detect pulsation modes in stars in M67 was chronicled by Gilliland
et al. (1991), Gilliland & Brown (1992), and Gilliland et al. (1993). In 1987, using a
0.9 m telescope, Gilliland & Brown (1988) got noise levels of better than 1 mmag for
11th magnitude stars with one minute integrations, but did not see signs of pulsations.
Gilliland et al. (1991) describes observations of M67 with five 1 m-class telescopes over
a period of two weeks. They reached a precisions of 0.1 mmag over the time series for
the best stars, but did not find pulsations. The next attempt, with several nights on a
2.1 m telescope, is detailed in Gilliland & Brown (1992); precisions of 0.4 mmag min~"
were reached. The most massive effort is described in Gilliland et al. (1993), where twelve
stars in M67 were observed with seven 4 m-class telescopes over seven nights. In the best

1

cases, precisions of 0.25 mmag min~" were reached, and the time series showed some signs

of pulsations, but nothing unambiguous.
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Variable and Pulsating Stars

0 Scutis have always needed high-precision photometry in order to separate their various
pulsation modes. Mantegazza & Poretti (1990) observed an 8.7 mag § Scuti with a 0.5 m
telescope and photomultiplier and got a precision of 5.3 mmag per exposure. Breger, Balon
& Grothues (1991) observed another § Scuti with a similar setup and achieved precisions
of 2 mmag per exposure. Poretti (1991) observed a 7th magnitude § Scuti with a similar
setup and got a precisions of 3.3 mag per exposure.

Kurtz et al. (1989) observed a roAp star using a photomultiplier. They got precisions

of 1 mmag in the best cases with exposures of 40 s.

Lab Measurements

Lab setups have the advantage of tightly-controlled conditions. Noise sources may be more
easily determined and eliminated. Buffington, Hudson & Booth (1990) got precisions of
0.1 mmag per exposure in the lab. They noted photometric noise correlated with the
slightly oscillating temperature of the dewar and slight movements of their “star” image
on the CCD.

Several lab simulations were performed during the development of the Kepler satellite
project. Jenkins et al. (1997) performed lab tests, using a CCD that received a flux of
1.9 x 10° photons s~ ! and summing 20 2.5 s images. With the resulting 9.6 x 10° photons,
they achieved precisions of 0.003 mmag. More realistic simulations, including stars of
different brightnesses and noise sources, are detailed in Koch et al. (2000). Using five
hour integrations including all noise sources, their reduction got precision as good as
0.005 mmag for 9th to 14th magnitude stars. They also note of their six to fourteen day
tests: “Small long-term changes in the temperatures of the CCD and its internal mount,
and the wall and base of the CCD dewar, were found to significantly affect the spatial
stability of the images.”

Borucki et al. (2000) describe tests of a photometric system consisting only of a camera
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lens and CCD for use in finding transits by extra-solar planets. They achieved precisions

of 2 mmag in an hour of integration on 9th to 13th magnitude stars.

1.6 Goals

The Sun’s irradiance varies on timescales of days to years because of photospheric mani-
festations of solar activity, specifically sunspots and faculae. Since the data on the Sun’s
past behavior is limited, it is not clear whether the current amplitudes and timescales of
variability are typical. Observations of the behavior of other stars similar to the Sun in
mass, composition, and age can build a picture of the range of activity possible on the
Sun. The activity of nearby field stars has been observed for decades in the Mt. Wilson
HK Project, but these stars do not have well-determined ages. Open clusters have very
good age estimates, but the stars in them are too faint to effectively observe spectroscop-
ically. The stars in clusters that have been observed using broad-band photometry are all
younger than the Sun.

The goal of the project is to address the following issues:
e How does the character of photospheric activity depend on age?

e How does the character of photospheric activity change with spectral type?

How is the photospheric activity influenced by binary companions?

Can rotation periods be determined for any stars, based on their activity?

Can any long term trends be seen in the data similar to the solar cycle?

Because of the age of these clusters, any binary stars will have circularized and synchro-
nized their orbits (Keppens 1997), but they may have different rotation/orbital periods
than the nominal single star in the same cluster.

The data accumulated in this program also may yield some “bonus” results. For the

smaller selection of stars that have been observed since 1996, long-term trends in brightness
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similar to the solar cycle may be uncovered. A few transits by extra-solar planets may
be observed. However, the photometry will not be precise enough to be able to detect

acoustic oscillations of the type that are studied in asteroseismology.



